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ABSTRACT.
Mutants were isolated, mostly from strains of 
Salmonella, which possessed aberrant motility due to 
defects in the construction of the flagellar filament.
These mutants were characterised by electron microscopy 
and the helical shape of the filament shown to exhibit 
abnormalities of pitch or amplitude, or both pitch and 
amplitude. Normally motile and partially motile revertants 
of non-motile mutants ("straight” or "curly” filaments) 
were also isolated and characterised. Recovery of motility 
was either due to full reversion to the normal waveform, 
possession of extra long but curly filaments, or possession 
of short filaments presumably of the normal waveform. I n ’ - 
the latter two cases swarming through soft agar was slow.
The variation in filament surface structure amongst 
strains of Escherichia coli (morphotypes) reported by 
Lavm, Orskov and Crskov (1977) was confirmed but no similar 
variations were found amongst a wide range of bacterial 
genera investigated. Attempts to "convert” one sux'face type 
of Escherichia coli to another by selection in o.edia 
containing appropriate antisera were unsuccessful though 
mutants with considerably less specificity for the 
original antiserum were obtained.
No serological cross-reactions were detected between 
flagella of Salmonella and those of Escherichia coli.
Chemical studies were initiated on flagellins from 
different filament morphotypes of Escherichia coli. These 
investigations involved comparisons of molecular size, 
aniino acid composition and amino acid sequence, the latter 
deduced from peptide maps, fragments obtained by cleavage 
with cyanogen bromide and treatment of flagellins and 
fragments with carboxypeptidases. One cyanogen bromide 
fragment appeared to be common to all the Escherichia coli 
flagellins studied and is thought to represent a conserved 
reaion.
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1, History.
The first recorded glimpse of bacteria swimming 
through liquid media was made by A. van Leeuwenhoek in 
1676. Not until examination of bacteria ip. vi vo i)y dark 
field microscopy or by the examination of stained films 
was it realised that appendages, now called flagella, were 
the agents of notion. Tlie structures observed consisted of 
bundles of flagella working together. Lhrenborg in I8 3 8  
observed a ”thread-like trunk” on an organism now called 
Chromâtium okenii which he suggested could serve as an 
organelle of locomotion and which seemed to produce 
currents in the medium. Other authors up till the 1040's 
such as van Tiegham, Te Barry, Fueppe, Furth and Fijper 
(see Fouwink and van Iterson, 19"0) suggested they were 
just useless appendages and possibly products of 
locomotion. Since the 1990's it has been universally 
accepted that the flagellum is the major organelle that 
causes bacteria to swim.
The flagella of bacteria are like those of
ir\ fu.nit>on
eukaryotes Abut are very different chemically and 
structurally (see S.S.3. symposium 2 2 (i960); Aspects of 
cell motility')-
2 , General structure.
The flagellum has three parts : the filament, which 
lies external to the cell; the hook-like intermediate 
structure; the basal body, which is situated within the 
cell.
Bacteria may possess from one, for example Vibrio 
cholera and Pseudomonas species, to a hundred or more 
flagella, such as swarming cells of Proteus vulgaris. 
Flagella may arise from the cell polarly, subpolarly, 
laterally, or be present at many points around the cell. If 
attached at the polar or sub-polar regions they may be 
single in number (monotrichous), such as Nitrobacter 
a; ilis, or may be multitrichous with two or more flagella 
attached at one or both polar regions (Lophotrichous),
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such as the Spirâlli ■ Bacteria from which flagella arise 
at many points are referred to as peritrichous, for 
example Salmonella, Proteus and Bacillus species.
3- The filament.
The filament is a long uniformly thin unbranched 
structure and is attached at one end to the bacterial body. 
Stained films examined by light microscopy show the 
filaments to possess in pi,an asiâoôus form indicative of an 
in vivo helical form. This helical form has been 
demonstrated in living cells by Weibull (l9S0tand 1960) 
using phase contrast microscopy. He also showed that in 
strains of Pi'oteus vulgaris and Bacillus subtilis the 
helix is left handed. Mitani and lino (1969) showed 
the helical form in cells of Salmonella abortus-equina 
using dark-field microscopy to show the alternation of dark 
and light parts along the helical structure of the 
flagellar bundles.
The values for the pitch of the helix, measured in 
living material, and for the wavelength of flattened 
preparations stained either for light microscopy or for 
electron microscopy show reasonable agreement. In most 
species of bacteria the pitch of the filament lies between 
1.9-2.9 pm with a radius of about 0.9 pm for a flattened 
helix. The number of pitch lengths is generally between 9 
and 6 with the overall length of the filament about 10 pm 
long. In an extreme case. Spirillum volutans has been 
reported (Peichart, 1909) to have a filament length of 
72 pm.
Filament diameters have been reported from electron 
microscope observations to range from 12 nm for 
Salmonella t.yphimui'ium (Lov/y and Hanson, 1969) to 29 nrn 
for some Escherichia coli strains (Lavm, Orskov and Orskov,
1977)• In some organisms the filaments are surrounded by 
a sheath and total widths of up to 60 nm have been 
reported for the sheathed flagella of Leptospira species 
(Nauman, Eolt and Cox, 1969). •
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a. Sheathed flagella filaments.
Many bacteria have sheaths surrounding their flagellar
filaments, for example Vibrio species (Houwink, 1993;
Glauert, nerridge and horne, 1963; ^bllet and Gordon,1963),
a luminous bacterium (Hendine, hodgkiss and Shewman,
1970)1 "ireponema nicrodontum (Bladen and Harip^. 1?C4) ,
Leptospira (Ilaur.ian, Holt and Cox, 1969), Bacillus brevis
(He Robertis and Franchi, 1931), Fpirochetes (Holt and
Canale-Parola, 1968), an unidentified(Ufhbheroid (Labaw
and xiosley, 1934 and 1933), Beneckea species and
Pholobacterium fischerii (Allen and Hauiiiarm, 1971), and
Pseudomonas rhodos ( 1 ai'x and Feumann, 1962; Lowy and
Hanson, 1963; Schmitt, Laska and Mayer, 1974). The sheath
o 1 rhodos, wl:en stained and examined by electron
microscopy, appears as two close fitting helically wound
bands with a pitch of 2^.4 nm (j.owy and Hanson, 1963).
Both helices are left handed. This data agreed with that of 
 ^ •
Marx and Heumann (1962) who observed two left handed helices
with a pitch of 20 nm in shadowed preparations. Lowy and
Hanson estimated the thickness of the helical bands to be
2 .3 nm. Schmitt, Faska and Mayer (1974) looked at the
sheath of rhodos using optical diffraction and
suggested it consisted of three close fitting helically
wound bands separated by axial angles of 4.7 nm and
running at an angle of 2.7^ to the width of the filament.
'^ or other bacteria, fila ent shealhs were shown to be very
tiiin membranes encasing the filament, as in Bacillus
brevis (De Robertis and ^banchi, 1^31). Allen and
Baumann (1971) observed tubules under the electron
microscope for Photobacterium fischerii v/l:ich were
probably empty filament sheaths. Lowy and T'anson (1963)
reported what appeared to be a sheath in a strain of Proteus
vulgaris; this was probably an artifact resulting from the
method of preparation. Lawn, Orskov and Orskov (1977)
observed that some filaments of Escherichia coli strains
had a looped structure at the edge; this was discounted as
being a sheath but rather a continuation of the internal
structure of the fila,went.
Follett and Goidon (1963) showed tliat with flagella
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fixed in 0.3% (v/v) formalin the sheath is often easily 
removed by autolysis and exposure to 6 H urea or 0.01 M 
HCl, whereas the filament is relatively resistant. Fixation 
with formalin seemed to have a stabilising effect on the 
filament. Unfixed preparations of filaments from 
Galmonella and Proteus species, which lack sheaths, are 
disintegrated by 6 M urea or 0.01 M ECl. On the basis of 
these findings Follett and Gordon, in agreement with 
Glauert, Kerridge and Horne (1963) suggest that the sheath 
is an extension of the cell wall. Glauert et ad. reported 
that in thin sections of sheathed flagella the sheath 
appeal's to have the same structure as the cell wall. Fuerst 
and Haywood (1969 and 1980) looked at the sheathed flagellum 
of Pseudomonas stizolobii ; growth of the organism at 34^0 
inhibited the production of flagella, but at 32^0 there was 
some inhibition of the growth of flagella indicated by the 
presence of naked sheaths which were continuous with the 
cell wall.
Some sheaths show a distinct surface structure when 
observed by electron microscopy. The sheaths.of Spirochetes 
are often very complex; for example S£. stenostrepta has a 
sheath surrounding the filament, which are both enclosed in 
a cross striated tubular structure, and ultimately 
surrounded by an outer sheath (Holt and Canale-Parola, 1968). 
The tubular structure can be isolated separately and the 
cross striations on it give the surface structural 
appearance. Labaw and Mosley (1934) observed cross 
striations on the sheath of an unidentified diphtheroid; the 
striation periodicity was 16.3 nm, the angle the cross 
striae made with normal to the filament axis was 27-33 degrees, 
and the cross striae had a left handed helical twist. This 
is a double helix configuration. Labaw. and Mosley (19^3) 
also showed for Brucella bronchiseptica that the cross 
striae on the sheath had a periodicity of 19 nm, and the 
angle of the striae to the normal of the filament axis was 
34 .5 degrees. This fits a triple helix configuration with 
a left handed external contour. The sheath of Vibrio
metchnikovii (Glauert, Kerridge and Horne, 1963) is
layered in the same way as the cell wall.
The function, if any, of the sheath is unclear.
Doetsch and Eageage (1968) suggest that the sheath is either 
an integral part of the flagellum or may serve as a
16
protective coat.
b. Polymorphism.
Although the waveform of the filament is normally 
of a uniform type variation occurs either through a 
mutation of the flagellar filament or through changes in 
the environment- (the variation in this case is usually 
reversible). Several different waveform shapes have been 
isolated. The most common has been termed a curly type 
and has a wavelength or about 1.1 ;.im which is 
approximately half the normal wavelength.
In various bacteria curly "ragella shape mutants 
have been isolated; for example in Salmonella 
typhimurium (lino, 1962a), other Salmonella species 
(Lei fson and Hugh, 1933), Chromobacterium (Leifson, 1936) 
and Sarcina species(fijper and Abraham, 1934). Other 
types of flagellar shape mutants have been isolated; for 
example straight mutants in Salmonella (lino and Mitani, 
1967) and Escherichia coli (Silverman and Simon, 1974a; 
bondoh and Yanagida, 197^)» from a curly strain of 
Salmonella abortus-eaui five different flagella shape 
revertants were isolated (lino and Mitani, 1966) and 
described as heteromorphous, small amplitude, para-curly, 
short and hooked curly; from Salmonella typhimurium, lino, 
Cgu-chi and Kuioiwa (1974) isolated a polymorphous mutant 
with, normal, straight and four different types of curly 
filament waveforms. Bacteria which possess both polar and 
peritrichous flagellation may exhibit a normal wavelength 
for the polar flagella but a curly waveform, for the 
peritrichous flagella, for example Vibrio parahaenolyticus 
(Shinoda, Honda, Taheda and Miwatani, 1974) and 
Lophomonas (Calerneault and Leifson, 1936).
The pll of the environment can cause polymorphism 
as was first observed by Leifson, Carhart and 'IIIton 
(195.3), who examined stained liglit microscope preparations 
of Froteus mirabilis under different pH conditions. Pijper 
(1955) also noticed this phenomenon and called it 
oiplicity because the normal and cui^ ly flagellar 
filament waveforms were observed. Hoeniger (1963^ found 
that for Proteus - rabil is if the pIT was less than 6.0,
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normal filaments were transformed to the curly form.
Kamiya and Asakura(l974,T)7tand 1977) observed the effects of 
acidic and alkaline pH on the filaments of several 
Salmonella strains. Strains with filaments of a normal 
waveform at neutral pH had either a curly or a semi 
coiled shape below pH 3.0; a coiled shape between pH 9.0 
and pH 12.0; a curly shape of one of two types above 
pH 12, depending on the salt concentration, ^dlaments from 
a curly type waveform at neutral pH had a curly shape of 
a lower amplitude below pH 6.0, above pH 11.3 or with an 
increased salt concentration. Hatsuura, Kamiya and 
Asakura (1978) noted that a straight mutant of 
Escherichia coli had helical filaments of the normal 
wavelength above pH 7-3 in 0.1 M NaCl and only straight 
filaments below pH 6.6. Kamiya, Asakura, Wakabayashi and 
Nainba (1979) reported that normal filaments of 
Escherichia coli and Salmonella strains became straight in 
the presence of 0.3 M citric acid below pH 4.0.
Polymorphism can also be induced by susbstituting
analogues of natural growth substances in the culture 
medium. For example, substituting of the naturally 
occurring amino acid phenylalanine with parafluorophenyl- 
alanine causes Escherichia coll (Punier and Cohen, 1936)
sj </
and Salmonella (Kerridge 1959 and i960) to produce curly
filaments, and Pseudomonas aeruginosa (lino, 1977) to
produce straight flagellar filaments.
Polymorphism can be induced naturally by 
mechanical m^ns (Kacnab and Ornston,1977; Macnab and 
Koshland, 1974) (see section on flagellar motion).
Iiodels to account for polymorphism have been 
proposed by Asal-ura (1970) and Callad.ine (1976 and 1978) 
(see section on models of subunit arrangement).
c. Surface structure of filaments.
Filaments, when stained with negative contrast 
agents and examined under the electron microsc pe, show a 
detailed surface structure at high magnifications. Later 
worhers (for example Lowy and Hanson, 1965b Lawn, Orskov 
and Orskov, 1977) have generally preferred to use uranyl 
acetate at pH 4.3 as a negative stain rather than 
potassium phosphotungstate at any pH, as it gives better 
surface detail.
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Kerridge, Horne and Glauert (1962) were the first 
to comprehensively describe the surface structure of 
filaments from Salmonella typhimurium. They observed 
hexagonally arranged globules about 4.3 nm apart; however 
these globules could not be seen unless the flagella had 
been treated with ultrasonic vibrations, SDS,or a freeze- 
thaw cycle before being examined. The results of these 
investigations together with the results of early X-ray 
diffraction investigations (Astbury, heighten and V/eibull, 
1955; Astbury and Vfeibull 1949; V/eibull, 195Ca) indicated 
that the filaments consisted of fibrils of globular 
proteins either arranged parallel to the axis of the 
organelle or helically arranged. Early electron microscope 
studies on flagella of an unidentified diphtheroid (Starr 
and Williams, 1932), Brucella bronchiseptica, an 
unidentified organism (Labaw and Mosley, 19.34 and 1933) 
and Pseudomonas rhodos (Marx and Eeumann, 1962) all 
described for shadowed preparations clear evidence of a 
helical structure but the periodicities were much larger 
than those described by Kerridge at al.(1962). It is nov/ 
believed that the values given by these earlier workers 
refer to the periodicity of the sheaths rather than the 
filament itself. Lowy and Hanson (1963) after studying 
the surface structure of filaments from many bacteria 
suggested classifying the flagella into two groups with 
either a lined or a beaded appearance. Lowy and Hanson 
proposed that the difference in surface structures 
reflected differences in Uhe structure of the protein 
subunits, but the geometrical arrangement of these units 
is basically the same in all types of flagella. Hence 
helical connections apparent as oblique rows are more 
emphasised in beaded filaments whereas the inter­
connections between subunits appearing in longitudinal 
rows are more emphasised in lined filaments. Of the 
bacterial flagella observed some have a lined appearance, 
some a beaded appearance and some a combination of both; 
lined flagella include those from Bacillus subtilis 
(Lowy and Hanson, 1963), and Gelenomonas ruminantun 
(Chalcroft, Bullivant and Howard, 1973), beaded flagella 
include those from Salmonella typhimuriurn (kerridge e^ ,21."
19 ■
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1962), Beneckea species^ and Photobacterium fischerii
(Allan and Baumann, 1971); bacteria reported with both
lined and beade^ . filaments are Proteus vulgaris (Lov/y
and Hanson, 1963), Vibrio fetus (McCoy, Hoyle, hiltberger,
Burda and Winter, 1973), Pseudomonas rhodos and
  ^  ^
Pseudomonas fluorescens (Lowy and Hanson, 1064 and 1963).
Lavm, Orskov and Orskov (1977) have recently 
reported at least six different surface structures in 
flagella of Escherichia coli strains which they 
designated morphotypes A, B, C, D, E and P. A possesses a 
surface pattern suggesting near longitudinal grooves; B, 
thin flagella with a surface pattern suggesting subunits;
C, flagella with an ill-defined rough surface suggesting 
subunits; I), flagella with a polar subunit pattern; E and 
E, flagella with looped edges but E with an edge repeat of 
10 nrn and F with an edge repeat for the loop of 20 nm. The 
lined and beaded structures are possibly equivalent to the 
C or D morphotypes of E. coli strains; tie C morphotype 
sometimes shows a lined appearance along the length of 
the filament.
"Czajkowski, Goltesz and Weibull (1974) have 
presented electron micrographs of filaments from Proteus 
mirabilis and Bacillus subtilis stained with uranyl 
acetate or potassium phosphotungstate and there is no 
observable surface structurel The filaments from B. 
subtilis sometimes showed longitudinal rows but this v/as 
assumed to be caused by degradation as the lined 
specimens were 30%' thicker than those showing no 
substructure.
d. Models of subunit arrangement in filaments.
Various models have been proposed to account for the 
arrangement of the subunits in^filaments as observed by 
electron microscopy. Burge (1961) proposed two models 
based on the X-ray data of Astbury and Weibull (1949), 
Weibull (1930a), Astbury, Heighten and Weibull (1933) and 
Beighton, Porter and Stocker (1938) and assuming the 
polypeptide chains of the subunits to be in helical form.
The two models, though different in detail, are similar in 
outline; model 1 assumes the filament to be constructed of
three helically wound strands, each 5-6 nm in diameter; 
model 2 assumes the filament is constructed of seven strands
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each of 3-3 nin diameter with six strands arranged 
hexagonally and one strand in the centre, making a total 
width of 10 nm. Gwanbeck and Forslind (1964) using low 
angle X-ray diffraction studies on filaments of Proteus 
vulgaris suggested a model in which the filament had a 
hollow centre with the subunits arranged in a triple 
helix around it. Kerridge, Horne and Glauert (1962) with 
the additional information of their electron micrographs 
of Salmonella flagella have proposed two alternative models 
The filaments in thin section appeared hollow and 
possessed five-fold symmetry; the subunits had a diameter 
of 4.3 nrn and were arranged in a helical manner. This 
suggested models constructed from either three helically 
or five parallel wound strands of subunits and each would 
show a regular pentagonal arrangement of globular units 
in transverse section. These observations and models do 
not agree with those of Astbury et al.(1933) and Burge 
(1961). /
Lowy and Hanson (1963) modified the original 
model proposed by Kerridge _et al. ( 1962). Their electron 
microscope studies indicated the presence of four or five 
rows of subunits in filaments from Bacillus subtilis, 
Salmonella typhimurium and Proteus vulgaris and five to 
six rows for Pseudomonas fluorescens. Lowy and Hanson 
suggest the filaments contain eight longitudinal rows of 
subunits, or ten in the case of fluorescens 
connected in such a way that the number per turn of the 
helix equals the number of longitudinal rows. The axial 
spacing along each row would be 30 nm and the lateral 
spacing 3-4 nm. This model agrees better with X-ray 
diffraction data than the former models.
Chamipness (1971 1968) using high angle X-raj''
and optical diffraction methods confirmed the presence of 
a 32 A meridional periodicity for filaments from 
several bacterial species. These were intra-flagella 
diffractions which were observed at low angle in 
unorientated aqueous preparations, which only really gave 
the characteristic inter-flagella diffractions with the 
equatorial maximum at 44 A. Champness concluded from his .
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results that the globular units were ellipsoidal in 
shape. Bode, Engel and V/inklmair (1972) suggest a model 
for the organisation of subunits in the filament and to 
give an explanation for the V-shaped ends of disintegrated 
flagella observed by electron microscopy and optical 
methods (O'Brien and Bennett, 1972). Bode et al. 
assumed the filament to contain 8-10 protomers per pitch 
and their shape is ellipsoidal, with a length of 16.3 nm, 
thickness of S nm and the ratio of the long to the^side of 
the ellipsoid shape half axis is 6.3. They suggest the 
ellipsoids are built with the point of the wedge facing 
inwards and at an angle of to the longitudinal axis 
of the filament. The ellipsoids are stacked in a helical 
manner with the outer edge appearing as the globular 
structure in electron microscope observations.
Shirahihara and Wakabayashi (1979) have recently used p-D 
image construction methods of electron micrographs of 
filamenbs from a straight mutant of Salmonella 
typhimurium. The subunits appealed to be essentially 
wedge shaped, with four regions designated G, I, M and S. 
The I and K regions may be important in giving 
flexibility to the beaded structure, but the S region, 
v/hich is not important in the packing of the subunits, may 
be important in determining antigenicity. GhiraJiihora and 
Wakabayashi suggest that the looping appearance of E and F 
morphotypes of Escherichia coli strains (Lawn, Orskov 
and Orskov, 1977) nay result from an extension of the 
outer o region of the subunits.
Burge and Draper (1971) used high and low angle 
X-ray diffraction techniques on filaments at various 
conditions of specimen humidity and in the presence of 
several negative contrast stains. Their results suggest 
that uranyl acetate preserves low and high angle 
diffraction patterns while phosphotungstate produces 
swelling in short lengths of flagella. There may be some 
connection between the subtle spacing and intensity 
changes observed at high angles of diffraction during 
dehydration and the observations of beaded and lined 
flamella.
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Abram, Vatter and Koffler (1966) and Abram, Xoffler
and Vatter (1966) proposed, from observations of 
partially disintegrated preparations from the lined 
surface patterned filaments of Bacillus punilis, that 
the ovoid subunits are arranged to form six fibres coiled 
round a central core. Champness (1971) and Champness and 
Lowy (196.7) found that in X-ray studies the 32 A 
meridional reflection cannot be seen with many lined 
filaments but is present with beaded type filaments. 
Champness indicated this reflection might be due to the 
presence of a pi'onounced helical feature at a high radius 
in beaded flagella which is lacking in lined flagella.
At frequent intervals commonly 60-80 nm, along the 
length of many lined flagella, there are intervals of up 
to 20 nm in which the lined appearance is lost and a 
beaded structure is observed (Lowy and Hanson, 1963;
Lowy and Spencer, 1963); the lined sections are often 
displaced by half a line spacing relative to one another. 
Plug (cited in Lowy and Hanson, 1963) suggested that this 
'line shift could arise from seeing two sides of 
longitudinal rows ofsubunits in superposition with the 
longitudinal rows running at a small angle to the 
cylindrical axis. This has been termed a large scale 
helix as opposed to the small scale subunit helix 
represented by the helical connection between subunits in 
beaded filaments.
The structure of a straight filament mutant of 
Salmonella typhimurium was found, by optical diffraction 
and other methods to be a single genetic helix with just 
under 11 subunits in 2 turns or 22 subunits in Ip turns 
(O'Brien and Bennett,, 1972). They also demonstrated 11 
long pitch helical rows running at an angle of 7° to the 
helical axis. The normal filaments are very similar but 
the long pitch helical rows run at an angle of 2^  ^to the 
longitudinal axis. On the surface of these filaments other 
helical rows are apparent with 1, 3 and 6 start helices 
(see figure 1).
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 _______1  Figure 1. Surface
V. lattice of subunits
in straight flagellum 
0  9 . mutants. The 1, p, 6
and 11 start helices 
7 ^ T ® T - * T ® T ®  are indicated. In theI I I I I I I I flagellum this lattice
I I I I I I j I j I I would be folded round
J  I I I I I I I I I I - the surface of a
II cylinder.
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Asalaira (1970) proposed a model whereby helical
lines can be traced on the surface of the filament,
which are equal in pitch but different in. curvature and
represent the lines of the subunits arranged in a helical
manner. Asakura*s model suggests that there are two stable
subunit, (R and T) conformations. The waveform a filament
adopts depends on the number of rows in the R or T
conformation. If all rows are either only R or T type then
straight flagella are formed; if there is a mixture of
R and T rows in order for any surface to close into a
cylindrical form, a misfitting must be overcome giving a
waveform and twisting into the helical structure. Calladine 
/ y /
(1973, 1976 and 1978) proposed a similar model which assumes
the subunits have "alternative bonding sites" either on
the surface or within the structure. The subunits are
represented as trapescids connected to four neighbours,
,'ind ai*e arranged in a chequerboard pattern with 11
longitudinal rows. Each subunit can assume two different
conformations. The model predicts that 12 different
filament waveforms could occur; this prediction agrees
with waveforms obtained from copolymerising different
flagellins or from naturally or environmentally induced
polymorphism. Another prediction of the model is that the
helical arrangement of the subunits lie in a particular
direction; a straight, normal and semi-coiled waveforms
having left handed helices and a straight, the curly and
semi-coiled waveforms having right handed helices. These
have been demonstrated to occur in natural and
cupolymerised filaments by dark field light microscopy
(Weibull, 1949; T-iacnab and Rowland, 1974; Ghimada, Kamiya
arid Asal-ura, 1973; Botani, 1976; Kamiya and Asakura, 1976
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Macnab and Ornston, 1977; Matsmira, Karniya and Asakura,
1978). The model also suggests the existence of two 
different straight waveforms, one has an extreme right 
handed twist with the longitudinal rows of subunits at an 
angle to the filament axis of 7 degrees and the other has 
an extreme left hand twist with the rows of subunits at an 
angle of 2-3 degrees to the filament axis. Both of these 
types have been observed naturally, the former for 
Salmonella (O’Brien and Bennett, 1972; Kamiya, Asakura 
and lamaguchi, 1980) and the latter in..,.Escherichia coli^  , I------
(Kondoh and , 1975; Kamiya, Asakura,
V/akabayaslii and Namua, 1979) and Salmonella (Kamiya et al. 
198O). Kamiya at al. (1990) copolymerised flagellins 
from both types of straight mutants and recovered 7 other 
types of filajnent waveforms, a majority having left 
handed helices.
e. Evidence for a central core.
Several workers have reported evidence for a 
hollow central core in flagellar filaments while others 
(such as Lowy and Banson, 1909) suggest there is no 
hollow region. A central core would certainly be 
compatible with some of the models for filament 
construction, such s^ those of Lowy and Hanson.(1969), 
Kerridge _et sT.^(l962), Astbury at ad. (1953) and Lowy 
and^pencer (1968) although others, due to Bode at ah. 
(1972) and »Shirakiha:'‘a et al. (1978) indicate that if 
there is a core it would be very small.
Kerridge et al. (1962) suggested that filaments of 
■Salmonella partly disrupted by sonic vibration showed a 
hollow centre possessing five-fold symmetry when seen in 
cross section and viewed under the electron microscope 
with negative stains. Claus and Both (1964) observed 
unstained hollow cores in cross sections of flagella from 
Acetobacter suboxidans. They too found that stain only 
penetrated into the central area when flagella had been 
subjected to vigorous treatment. Burge and Draper (1971) 
found that phosphotungstate penetrated the central core 
in short lengths of filaments and causing a major 
increase in filament diameter. SleytT - and Glauert (1973)
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gave evidence for a central core from electron 
micrographs of freeze etched preparations of Clostridium 
t h e rm oh y dr o sulplmrrc urn ■which showed fractured filaments 
v;ith a hollow centre. They proposed that the central 
channel is the means whereby flagellin, synthesised in 
the cytoplasm, travels to the distal growing end of the 
flagellum. Lowy and hchonough (cited in Lov;y , ran son, 
rlliot, liillman and KcLonough, 1Q66) have reported that 
on treatment of reconstituted flagella with trypsin, a 
lai'ge number of fine fibrous structures appeared. They 
suggested this indicated that the material in the 
central core differs structurally from the globular units 
seen on the filanent surface. Martinez, Shaper, Lundh, 
Bernard and Glazer (1972) observed a similar 
phenomenon and suggested the fibres were an association 
of large tryptic peptides attached to a partially 
digested core.
4-. The hook.
Early investigators such as Fouwinh and van 
Iterson (1950), houwink (1953) and Glauert, Kerridge and 
home (1963) noticed that as flagella entered the cell 
body, a hook like structure could be observed before they 
reached the basal bodies. Abram, fbffler and Vatter (1965)
I-
found the hook region of Proteus vulgaris to be slightly 
wider than the filament itself and that the surface 
structure was slightly different. Por Bacillus 
stearotherrnophilus, the hook region is smooth in 
appearance and 12-13 nm in diameter, (Abram, hoffler and 
Vatter, 1966). It seems to consist of a central region, 
which is continuous with the filament and is 10-12 nm in 
diameter, surrounded by a mat of fibrils 1-2 nm in 
diameter, which are arranged in a right handed helical 
manner. Abram et al. suggest that perhaps this represents 
disintegration or assembly of the flagellum. Bowy (1965) 
also noticed structural changes at the base of flagella 
from Pseudomonas rhodos. host of the sheathed flagella had 
unsheathed proximal hooVs of 200 nm long and showing a 
beaded surface structure whereas the hooks of the 
sheathless lined flagella also had a beaded surface
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structure but were only 70 urn long. Por both types of 
ilagella ohe hook is often bulbous with a terminal taper.
The hooks of both lined and beaded flagella from 
Pseudomonas fluor esc ens are GO nin long and both have a 
globular surface appearance , however, in the beaded 
flagella the proximal region has a pronounced hook-like 
shape and in lined flagella this region is straight, 
often bulbous and tapered \ Paska, Mayer, Edelbluth and 
Schmitt (1976) analysed the hook regions in Ps. rhodos 
further, by electron microscopy and optical diffraction' 
methods. The sheathed flagellar hooks were 70 nm long 
and 13-21.5 nm wide ; the unsheathed flagellar hooks were 
180-190 nm long and 15-16 nm. wide. Both structures were 
shown to have 4 small scale rows of subunits 
intersecting 10-11 large scale helices with a pitch 
angle of 80 degrees. The axial and lateral dimensions of 
the subunits were 4-, 9 and 4-.7 nm respectively.
Abram, Mitchen, Koffler and Vatter (1970) treated 
flagella preparations of Bacillus pumilis with acid, 
alcohol, acid alcohol and heat under conditions that 
caused the flagellum to break down. The hooks remained 
fairly intact after these treatments whereas the 
filaments were completely disintegrated. Crude extracts 
of flagella treated in this way often showed hooks 
attached to membrane fragments. The hook region seems to 
be polarly orientated, one end joining to the filament 
and the other joining to the basal body. The interaction 
of the subunits in the hook with tlie two regions must be 
different to allow for this polarity, birnrnitt and Simon (1974 
a and b) and Bepanphilis and Adler (1971 a and b) also
isolated purified hooks from flagella of Bacillus subtilis 
and Escherichia coli by heating purified flagella 
preparations, obtained by treating cells with lysozyme 
and detergents, to 60°C for 15 minutes.
Polymorphism of a sort has been observed for 
hooks of E. coli (Silverman and Simon, 1972) and^of 
Caulobacter crescentens (Sheffery and Newton, 1979) 
which are unusually long and have a curly filament-like 
structure. No conventional filament is observed on the 
ends of hooks from these mutants.
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5. Flagellar basal bodies. 
y
Van Iterson (19-1-7) described the base of flagella 
of Vibrio metchnihovii as a protrusion of the cytoplasm and 
in Spirillium serpens the flagella seemed to be connected 
to the protoplast .by small rhizoid extensions. Early 
experiments on autolysed cells of Proteus vulgaris 
(houwink and van Iterson, 1950) and in protoplasts of 
Bacillus r:ie,:;ateriu!ii (V/eibull, 1953) demonstrated that the 
base of the flagellum was protoplasmic or cytoplasmic in 
origin. Houwink and van Iterson (1950) recorded the 
dianeter of the basal body in P. vulgaris as 100 nm. 
Several other workers found basal bodies in bacteria of
y
Pseudomonas fluorescens (Bissett and Hale, 1951),
Phodospirillum rubrum Vibrio comma and
various Spirillum species (Grace, 195^)• In bacteria
with several flagella arising from one point on the cell
body, such as Spirillum species, it was suggested that
there was a single basal body or blepharoplast for the
whole flagellar tuft which was up to 0.2 urn in diameter.
/ ^
Pijper (1957) and Kerridge (1961) suggested the basal
bodies were artifacts and possibly a result of
cytoplasmic coagulation I'ound flagellar bases.
In more detailed studies of basal bodies, Glauert, 
Xerridge and Horne (1963) observed that the hook, region 
ended in a basal disc or plate with a diameter of 30-35 nrn 
and was located near the cytoplasmic membrane. Abram, 
Huffier and Vatter (1965) using ghost cells of P. vulgaris 
found neai’ly spherical basal bodies 11-14 nm in diameter; 
longer bodies were also observed of 20-70 nm in diameter 
which suggested they contained fragments of the 
cytoplasmic membrane folded round the actual basal body. 
Hoeniger, van Iterson and van Zanten (1966) observed 
discs on the basal bodies of Bacillus subtilis cells 
treated with penicillin and osmotically shocked. Two 
discs were seen and the upper one was suggested to be a 
collar with remains of cell wall material attached to it. 
Cohen-Bazire and London (1967) found in lysed cells of 
krodospirillum rubrum at the end of the hook region a 
narrow collar, 9-9 nrn wide, which connected the hook to a 
pair of discs 25 nm wide and 14 nm thick. This pair of
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discs was connected by a second collar to another pair 
of discs of similar dimensions, fepamphilis and Adler 
(1971a, b and c) noticed a structure as shown in figure 2, 
with 5 major components of the basal body, a rod and four 
rings termed L, F, S and M. The L ring is attached to the 
outer lipopolysaccha.ride membrane, the P ring is associated 
with the peptidoglycan layer  ^f the cell wall, the G ring 
is a supramenbrane ring as it is situated just above the 
cytoplasmic membrane and the M ring is attached to the 
cytoplasmic membrane. The L and P rings are proximal to the 
hook and are 22.5 nm in diameter and spaced 9 nm apart. 
These are connected by a rod to the M and S rings which 
are of similar dimensions and set 3 nm apart. The gap 
between the two sets of rings is 12 nm. The rings are all 
about 1.3 nm thick but sometimes the M ring appears to be 
thicker than the B ring. Pepamphilis and Adler (1971a and 
b) showed that in gram positives such as Bacillus subtilis 
only two rings are seen which are equivalent to the B and 
M rings described as there is no lipopolysaqc:aride 
membrane in these bacteria. Separate rings have been 
observed which appear to have hollow centres, 10 nm in 
diar^eter and some contained a core of 7 nm in diameter in 
the centre. Rotational symmetry analysis indicated the 
rings are composed of 16 subunits.
17nm->
'#'10 nm-» 
K-H'Snm-
Filament
Hook
figure 2. Model of 
the basal structure 
of a flagellum of 
Salmonella 
tyrhimurium.
L — ring \
C y l in der  I Lipopolysaccharide membrane 
P - r in g  j  Peptidoglycan layer 
Rod 1
S - r i n g  jP e r ip la s m ic  space 
M —ring j  Cytoplasmic membrane
c/
Recently, Johnson, Walsh, Ely and Shapiro (1979) 
have observed 3 rings in the basal body of Caulobacter 
crescontens ; two rings in the upper set and three in the 
lower set.
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Studies on the cell envelope and outer membrane 
layers surrounding the flagellar insertion sites of 
Spirillum serpens (C oui ton and Murray", 1977 and 197S) 
revealed that the outer membrane was differentiated by 
concentric membrane rings and central perforations 
surrounded by a closely set collar. The central 
perforation went through the outer membrane and 
mucopeptide layer, Freeze etching showed that the plasma 
membrane had impressions of a disc surrounded by a set of 
evenly spaced studs and containing a central plug. In 
this section blebs associated wiki: the flagellar 
apparatus were seen on the cytoplasmic side of the plasma 
membrane.
G. The movement of flagellated bacteria,
a. Theories of motion.
Two basic typos of theories for the mechanism of 
cellular movement have been proposed; either a wave is 
propagated along the filaments, or the filaments rotate 
as semi-rigid rods driven by a motor at their base. The 
latter theories are currently favoured and much evidence 
is available to support them.
Bütschli (1883) proposed and later Reichart(19'09) 
elaborated a theory where the filament is considered to 
be a cylindrical rod which has a hypothetical ring of 
contraction running helically around its surface. V/hen the 
line is shortened relative to the other lines running 
parallel to it, the rod adopts a helical shape and 
movement is a sequence of contractions around the surface 
of the cylinder which leads to an apparent rotation of 
the flagellum. ho\.-y and Gpencer (1968) propose that tlie 
line of contraction follows the large scale subunit helix 
of t]:e filament and that during activity the state of 
contraction follows from one of the helical rows to its 
neighbour. This model was adopted by Jarosch (1967, 1968)y
but was later modified in 1972. He suggested that 
flagella,thenselves a secondary helix, were twisted 
against the direction of winding of the waves of the 
super]'.elix which wi.ll travel away from the fixed end of 
the screw. By producing such a force, the direction of 
windin'; of the secondary helix may change suddenly as the
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flagella twist in the opposite direction. Jarosch 
suggested that the phenomenon of polymorphism gives an 
explanation for the double pitch of the secondary helix 
as described in the theory.
Stocker first suggested a model wliereby
flagellar filaments act as semi-rigid rods. Doetsch'
(1966) argued its case but abandoned it in favour of a 
model where flagella wobble and only appear to rotate 
(Doetsch, 1972.; Vaituzis and Doetsch, 1969). This
model assumes that the lower S and M rings of the basal 
body are firmly attached to the cytoplasmic membrane, 
which is the fulcrum of activity. The upper L and P rings 
ai'e attached to the lipopolysacdiaride membrane which is 
not rigid,.but in a state of motion. These upper rings are 
attached by short radiating extensions situated in the 
cytoplasmic membrane (see Murray and Birch-Anderson, 1963); 
movement occurs as the extensions contract in sequence or 
the polar plate displaces the lower discs thus causing a ‘ 
wobble movement of the flagella^
Mussill and Jarosch (1972) found that in cells of 
Spirillum serpens squeezed between microscope slides, 
many of the flagellar bundles were stationary but tlie cells 
continued to rotate. This indicated that bacteria might 
move by rotating their flagella relative to the cell body.
y
ether workers (Berg and Anderson, 1975; Silverman andy y
Simon, 197% Berg, 1974, 1975) have observed the same and 
a model was proposed whereby the flagellum acts as a 
semi-rigid rod and rotates with respect to the cell body 
at the basal region of the flagellum. Berg (1974) 
suggested that the M ring in the basal body is attached 
rigidly to the rod of the flagellum and the S ring is 
mounted on the cell; the torque causing the flagellum to 
rotate is generated between these two rings by chemical 
means. The L and P rings in gram negative cells only 
have a bushing function as the rod passes through the 
lipopolysacc aride layer of the cell. Much' experimental 
evidence is available to support this theory; for instance 
if divalent, rather than monovalent antibodies (Diper and 
Doetsch, 1968) or phage suspensions (Meynell, 1961; 
Raimondo, Lundh and Martinez, 1968) are added to actively
31
swimming bacterial cells' the flagellar bundles become 
locked together and all movement is inhibited. Silverman 
and Simon (1972) found that in the presence of anti 
polyhook antibodies, polyhook mutant cells of E. coli 
tend to form pairs which counter rotate with respect to 
one .another as the hooks of adjacent cells are linked 
and are able to rotate via their basal motors. Silverman
y
and Simon (1974^ also observed that if latex beads were 
attached to flagellar filaments, the filaments rotated 
while the cell body remained in the same orientation 
during all movement. In cells tethered to microscope  ^
slides (Berg, 1974; Lai‘sen, Adler, G argus and Fogg, 1974) 
the cell body rotated while the filaments remained 
attached to the slides; this indicated that the pivot 
point of motion was at the base of the flagellum.
b. Energetics of flagellar motion.
The energy source of the flagellar motor seems not 
to be ATP itself but an intermediate in oxidativei/
phosphorylation. Adam (1977) proposed a theory based on 
the hydrodynamic interactions between the plasma membrane 
and the basal body of the flagellum, but this theory has 
gained little support. Other workers have interpreted the 
energy source as being the translocation of ions down an 
electrochemical gradient across a plasma membrane (Larsen 
et al., 1974; Thipayathasana and Valentine, 1974; Berg, 
1974^ 1975; Ordal and Goldman, 197&). Lduger (19770 has 
suggested a theory whereby hydrogen ions are able to flow 
between the S and M rings in the basal body, and through 
the periphery of the M ring to the cytoplasm. Fe suggests 
t}iat the passage of ions through membranes takes place 
within localised structures called ion channels which may 
consist of polar ligand groups and partly replace the 
hydration shell surrounding the ion. In this way the 
channel offers a favourable pathway through the hydrophobic 
interior of the membrane. The model assumes that the o 
ring is in contact with the H ring by radially arranged 
arrays of ligand groups, evidence for which is given in 
electron microscope studies by Pepamphilis and Adler 
(1971b). In the model the M ring rotates with respect to
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the S ring and ions entering the system near the axis and 
leaving at the periphery drives the rotation. Glagolev
and Sliulachev (1978) suggest that hydrogen ions attach 
to amino groups located in the M ring. Anionic carbonyl 
groups are located at the beginning of a linear proton 
inducting path and electrostatic attraction occurs between 
the amino and carbonyl groups. Since the amino group 
is on the M ring it must rotate to bring the two groups 
together. The distance between the two proton conducting 
pathways is postulated to be equal to that between 
neighbouring amino groups. Thus the movement of the M ring 
results in the next amino group being transferred to the 
"upper path". The protection of tl.e carbonyl groups with 
an group involves an extrusion of a hydrogen ion
into the cytoplasm by the "lower path”.
Much evidence has recently been presented to 
support the idea that an electrochemical gradient is 
involved and which supports this hypothesis. Bacterial 
motility, driven by an electric potential (AY ) across 
the membrane has been demonstrated at external pH values 
of 7.0-7,5" Mince the pH is close to that in the 
cytoplasm only a small proton chemical difference (ApH) 
can exist across the membrane (Paden, Zilberstein and 
Rottenberg, 1976; Ramos and Kaback, 1977a, 1977b). 
driven motility has been demonstrated for metabolising 
cells, and in transiently starved cells loaded with K'*’ ions 
which were then exposed to valinom.ycin (Thipayathasana 
and Valentine, 1974; Larsen _et al., 1974; Manson, Tedesco, 
Berg, Harold and van der Drift, 1977; Miller and 
hoshland, 1977 ; Glagolev and Shulachev, 1978; Mhioi, Imae 
and Oosawa, 1978). Investigations of motility driven by 
ApHhave also been carried out both in metabolising cells 
and by imposing a pH shift on starved cells, (Manson at al., 
197^; Matsuura, Shioi and Im.ae, 1977; Mhioi at al. 1978; 
Glagolev and Shulachev, 1978). However, these results were 
less conclusive as problems ai'ose at non-physiological 
pH values. These results indicated however that an 
artificially induced proton motive force (PilF) can 
increase the speed of swimming or increase the smooth 
swimming, as opposed to tumbles, when chemoattractants are
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added to liie medium. Treatments that increase or decrease 
the PMF, such as uncouplers of electron transport or 
oxidative phosphorylation and local anaesthetic, in 
metabolising cells of Bacillus subtilis, induce tumbling 
(Ordal and Goldman 1975, 1976; De Jong, van der Drift and 
Vogels, 1976). Szmelcman and Adler (1976) found that an 
increase in the membrane potential occurs when attractants 
or repellants are added to E. coli cells. Perturbations 
of the electron transport chain and hence of the ability 
of bacteria to generate a membrane potential were found ‘ 
to affect the swimming behaviour and to be additive v/ith 
other sensory stimuli (Macnab and Koshland, 1974; Taylor 
and Koshland, 1975*, Ear ay am a . and lino, 1976,
1977; Taylor, Miller, Warrick and Koshland, 1979).
Shioi e_t al. (1978), and Matsuura, Shioi, Imae and 
lida (1979) indicated that values of higher than -100 mV 
for ApH were required for the induction of translational 
movement of cells. Corresponding with tliis movement a rapid 
but transient efflux of and influx of ions to the 
cell was observed and a direct coupling between 11*^ influx 
and translational swimming was suggested. B. subtilis cells 
maintained at an external pH of 5*5 were found to have a 
ApH of -80 mV as the only contribution to the PME; in 
contrast E. coli cells under these conditions have an 
appreciable AY contribution (Khan and Macnab, 1980 b). B. 
subtil is cells under these conditions were vigorously and 
indefinitely motile and the mean swimming speed was 
40 }Am/sec; this was the same as if the cell was driven by 
A t  alone. Measurements of motility as a function of PM? 
between pH 7.5-5.5 indicated that a threshold value of 
pO mV was needed for motility; a further increase to 
GO niV yi.elded a rapid increase in swimming speed and the 
motor appeaz'od to be saturated above GO niV with no further 
increase in swimming speed. Hence the system seems to 
convert a diffusion potential into sustained mechanical 
work. Manson, Tedesco and Berg (1980) suggest that the 
angular velocity of rotation in tethered cells of 
Streptococcus is a linear function of PME which implies 
that the fixed number of protons carries the flagellar 
motor through one revolution.
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Klian and Hacnab (1980a) have shovm that the PM?
across the cell membrane not only drives motility, but 
was also found to exert a regulatory effect on the 
switching of the motor between counterclockwise (COW) and 
clockwise (CV/) rotational senses. When motor speeds were 
reduced by lowering the PMF the motor spent a higher 
fraction of the time in COW rotation, although the speed 
in both senses remained equal; at about 8C7' of the 
maximum motor speed under any given external load 
condition, no detectable CV/ rotation remained in most
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cells, so the ce11sAtumbling (see later). This regulation 
phenomenon appears to be general in bacteria. Since 
response to attractants and repellents do not involve any 
alteration in the speed of flagellar rotation, Khan and 
Macnab concluded that PMF and chemotactic inputs to the 
flagellar motor operate in parallel.
c. Flagellar bundles and bacterial swimming.
In monotrichously flagellated cells the flagellum 
can rotate in either direction; if rotating in the. OCW 
direction the cell swims forward and if rotating the CW 
direction it swims backwards. Thus as a result of some 
external stimulation the cell changes its direction by 
reversing the rotation ot its flagellum (Lowy and 
opencer, 1968; Berg, 1975). In pentrichously flagellated 
bacteria the flagella tend to form bundles during smooth 
swimming as the flagella rotate in the GOV/ direction.
These flagellar bundles were observed by early investigator 
(Pijper, 1957; Leifson, I960) using dark field light 
microscopy, hitani and lino (1965) looked at bundles of 
flagella in Salmonella using electron microscopy and 
dark field microscopy and found that 5-10# of flagella 
attached to actively swimming cells were in the bundle 
form. Five or more flagella were present in a bundle and 
they associated together giving the characteristic 
waveform of the filaments for each particular strain. 
Bundles were only found in normal and curly flagellated 
strains. Addition of 0.5# methyl-cellulose to liquid media 
(Mitani and lino, 1968) caused up to 70# of flagella per 
cell to be in the form of a bundle, indicating that
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methyl-cellulose enhances the aggregation of flagella.
Macnab (1976) described a method for visualising 
live bacteria with flagella using dark field light 
microscopy. He showed that polarly flagellated cells swim 
up to twice the speed of peritrichous cells and whereas 
the polarly flagellated cells turn by abrupt reversals, 
peritrichous cells show smooth swimming 
tumbling associated with the dispersal of the 
coordinated bundle. Macnab and Koshland (1974) found that 
the normal speed of swimming in Salmonella cells was about 
25 pm/sec. A detailed study of swimming in normally 
flagellated Salmonella cells and various mutants was made 
by Macnab and Koshland (1974), and Macnab and Ornston 
(1977). In normal cells smooth swimming is seen for a few 
seconds with flagellar bundles present, then tumbling 
proceeds for about 04 second after which normal swimming 
resumes. During a tumble firstly the bundles disperse, 
the individual flagella fan out, and the waveform changes 
from normal to curly. After tumbling, reconstitution of 
the bundle occurs and also directional swimming in a 
randomly chosen direction. This phenomenon is explained 
as during CCI/ rotation the normal left handed helix is 
stabilised, hence left handed bundles and positive waves 
are propagated pushing the cell forward. Intermittently 
flagella switch to CW rotation and right handed torsion 
is generated which lowers the free energy of the curly 
right handed form and raises the free energy of the 
normal left handed form; hence a normal to curly 
transition of the helical shape of the flagella occurs 
during tumbling. In tumbling mutants it appears that the 
intervals of COW rotation are too short to permit bundle 
formation and motion, but in high viscosity media the 
lax'ge right handed torsion of CW rotation gives positive 
wave propogation and hence a thrust to propel the cell. 
Curly mutants can sometimes swim smoothly, interspersed 
with brief "backing-up” motions. The flagella have a 
curly shape and occasionally form bundles; the cells 
jiggle in an end-over-end motion as the flagella disperse 
during CW rotation but remain in the curly waveform. The 
smooth swimming is explained as CCW rotation of a right
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handed helix (curly waveform) gives a negative wave 
propagation and hence backwards swimming with 
intermittent forward motion during the CV' rotation of 
flagella. There is little movement in curly flagellated 
cells as each flagellum pulls the body by negative wave 
propagation and bundle formation is rare; during brief 
periods of CV/ rotation forward motion may occur as right 
handed bundles form. Straight flagellar mutants show no 
movement as the viscous resistance is too low to cause cell 
motion.
hacnab (1977) examined the rotating bundles using 
a working model, geometrical analysis and hydrodynamic 
calculations. He concluded that a rotational mechanism 
and function of a bundle are compatible with a rotational 
mechanism for the individual flagellum and that the 
dispersal of the bundle during reversal is a consequence 
of a change in the flagellar quaternary’^ structure 
imposed as the direction of rotation is in the opposite 
direction to the twist of the helix.
, /
d. Behavioural taxis in bacteria.
Bacteria respond to their external environment by 
moving towards, 'or away from, certain stimuli such as 
light (phototaxis), dxygen (aerotaxis) and chemicals 
(chemotaxis). Cliemotaxis has been examined in detail in 
flagellated bacteria and their response has been well 
established.
dild type cells of E. coli are attracted to sugars 
and amino acids, and repelled by potentially harmful 
compounds such as ethanol (see ParVinson, 1977).
Chemotactic migration in chemical gradients is carried out 
by biasing the p-dimensional "random walk" pattern of 
smooth and tumbling episodes, in the preferred direction 
(Berg and Brown, 1972; Dahlqui^ st, Lovely and Koshland,
1972; Macnab and Koshland, 1972; Tsang, Macnab and 
Koshland, 1973; Berg and %desco, 1975). For instance, 
individuals that move towards an attractant or away from 
a repellent decrease their tumble probability and 
thereby increase the mean path length in the appropriate 
direction. Thus control of flagellar rotation in response 
to chemical stimuli is the underlying basis of
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chem'otactic behaviour. The swimming pattern is assumed to 
reflect the level of some type of signal that controls the
flagella (see Parkinson, 1977). Spontaneous fluctuations 
in the basal signal might account for the alternating 
smooth and tumbling episodes of normal swimming.
Whenever the signal rises above a threshold level CCW 
rotation and smooth swimming result; whenever the signal 
falls below this threshold CW rotation and tumbling result. 
Chemotactic stimuli raise or lower the signal level; 
increase in attractant or decrease in repellent supresses 
tumbling; increase in repellent.or decrease in attractant 
enhances tumbling. The conversion of stimulus information 
into a signal that modulates flagellar rotation is called 
stimulus transduction and the process tales place rapidly 
after application of the stimulus and the signal level 
is directly proportional ^to the stiff,ulus magnitude 
(Macnab and^Koshland, 1972; Tsang pt ad. , 1973; Berg and. 
Tedesco, 1973; Spudich and Koshland, 1975). Following 
stimulus transduction a system of sensory adaption works 
to restore tumbling control signals to the basal level. 
Bacteria take longer to recover from tumble suppressing 
stimuli than tumble enhancing stimuli of comparable 
magnitudes which indicates thet the mechanism of adaption 
may not be the same in both cases.
Bacteria measure the chemicals in their
environment either by specific chemoreceptors or binding
proteins (see Parkinson, 1977). Information from these
receptors is passed on to various signalling or
transducer proteins, the products of the trg, tsr and tar
loci (see Mesibov and Adler, 1972; Adler, Eazelbauer and /
Dahl, 1973) which accept information from the ribose- 
galactose, serine and aspartate receptors respectively. A 
fourth transducer has been proposed recently, called tew, 
which accepts information from the phosphorylase enzyme 
binding proteins, but a gene has not yet been found to 
control it (Koiwai,Hiroshima and Eigashi, 1980; Eazelbauer 
and Angstrom, 1980). These transducer proteins or 
methylaccepting chemotaxis pz'oteins (HOP) appear to control 
the tumbling or smooth swimming responses seen during 
chemotaxis by a process of méthylation and déméthylation
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(Kort, Goy, Larsen and Adler, 1975; Springer, Goy and 
Adler, 197?a.>;Engstrom and Eazelbauer, 1930); methylated 
MCP seems to play an active role in tumble enhancing, 
while the demethylated form plot's a role in tumble 
suppressing.
y
A model proposed by Parhinson (1977) and Parkinson 
and Parker (1979) suggests that the product of the che 2 
gene (see later) acts as a switch which interacts with 
the fla, not and other che gene products to control its
direction of rotation. The che component can bind to
ÎÎCP and to a complex of the che B and che gene products
which act as a cytoplasmic messenger. V/hen B-^ is bound
to the switch, GCV/ rotation and smooth swimming results; 
when the switch is free CW rotation results. This 
tumbling is controlled by the amount of available for 
interacting with the switch. MCP proteins can change the 
availability of B-S_; tumble suppressing stimuli or 
déméthylation converts MCP to-the "CCW state” which has a 
low affinity for B-Z_, and tumble enhancing stimuli or 
méthylation converts MCP to the ”CW state” which has a 
low affinity for B-^. Other che gene products are 
probably involved in controlling changes in flagella 
rotation in response to chemotactic stimuli (Silverman 
and Simon, I977h; Parkinson, 1978).
7. Chemical properties of flagellar proteins.
Migula in 1897 first suspected that flagella were 
composed of protein and later Boivin and Mesrobeanu 
(1953) agreed on the basis that flagellar filaments were 
insoluble in trichloracetic acid. Pijper (1946, 1949,1957) 
considered flagella to be "slime twirls" of capsular 
polysaccharide. Later studies have confirmed that protein 
Is the main component of flagella and its protein nature 
is now extensively studied.
a. Isolation and purification of flagella and the 
f 1 ap;el 1 ar protein.
De Rossi (1905) first showed that if 
bacterial cells are shaken their filaments na:^  become 
detached. Gard (1945) isolated intact flagella from
39
Salmonella paratyphi. B by shaking and subsequent 
centrifugation, high speed blenders were later found to 
be more effective at shearing flagella .from cells 
(Mallett, Koffler and Rinker, 1951; Stocker and 
Campbell, 1959). Stocker (1957) also reported 
deflagellating cells of Salmonella typhimurium by rubbing 
them into stiff agar with a rigid implement, and Keeler, 
Ritchie, Bryner and Elmore (1966) have reported using a 
mickle shaker.
Since these early studies various techniques have 
been developed to obtain flagella in a pure form. 
Kobayashi, Rinker and Koffler (1959) have made cuts of 
pellets of flagella sedimented by centrifugation to purify 
the product; Martinez (196pa, b) have employed anion 
exchange chromatography using sodium chloride gradients to 
elute the absorbed flagella from DEiR cellulose columns; 
Shinoda, Miwatani and ( 1970) have purified
flagella by preparative immuno-electrophoresis; Dimmitt 
and Simon (1971 have purified relatively intact whole 
flagella from lysozyme induced lysates.
Astbury, Beighton and Wei bull (1955) first proposed 
the name flagellin as a general term for the flagellar 
protein obtianed when flagella are disintegrated into 
their constituent monomeric subunits. Purified flagellin 
can be obtained by various methods that depend on the 
finding that flagella can be dissociated. The most 
generally used method is to reduce the pll of flagellar 
solutions to less than 5. Koffler, Mallett and Adye (1957) 
suggest a criterion for the purity of flagellin 
preparations as the absence of pH 2 insoluble material. 
Other dissociating agents used include alkali (Pijper, 
1957; Martinez, Brown and Glazer 1967), detergents,y
phenol and sonic vibration (Koffler et ad., 1957), 
acetone (Asakura, Eguchi and lino, 1964), heat (Mallett 
and Koffler, 1956; Martinez and. Rosenberg, 1964) and 
compounds which break hydrogen bonds, such as urea and 
acetamide (Mallett and Koffler, 1956).
The proteinaceous nature of flagellin was first 
conclusively established by V/eibull (1948, 1949, 1950a 
and 1950b) for several genera of bacteria. His
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preparations contained 90-98# protein, 1-^ :7 carbohydrate,
0.7# fat and trace amounts of elements such as phosphorous, 
all of which were probably impurities except the protein. 
Other workers have reported the exceptionally tight 
binding of non-proteinaceous substances, for .example in 
Bacillus stearothermophi].us (Abram jind Koffler, 1964) and 
in Spirillum serpens (Martinez, 1963b). Foglazov (1966) 
also noted that ether extracts of flagella from an 
unspecified source released lipid material. Vaidous reports 
i h M a l l e t t  and Koffler, 1936 and 
1937) have indicated that flagella from thermophilic 
bacteria are more resistant to disaggregating agents than 
those from mesophilic bacteria, which indicates the bonds 
between the flagellin subunits are stronger or more 
numerous for the thermophilic bacteria.
The purity of flagellin can be checked by several 
standard techniques including polyacrylamide gel 
electrophoresis and ultracentrifugation. Proteus vul;;aris 
(V/eibull, 194S), Salmonella typhimurium phase 2- flagellin 
(Kerridge, home and Glauert, 1962), Salmonella ad el aide 
(Ada, Kossal, I^ e^ and Abbot, 1963), Bacillus subtilis and 
S.; irilium serpens (Martinez, Brovm arui Glazer, 1967) and 
Rhodospirillu11 rubrui(Tauschel, 1971a) all showed a 
single band of flagellin in the ultracentrifuge. . 
Polyacrylamide gel electrophoresis has indicated single 
b;.mds of flagellin for B* subtili s and §£. serpens 
(Martinez, Brown and Glazer, 1967), and P. vulgaris 
(Chng, Brov/n and Glazer, 1969). Chang et alyshowed that 
a mixture of P. vulgaris and B. subtilis flagellins 
could be separated by this method. Other workers have 
reported that certain bacteria produce two distinct types 
of flagellins; Shinoda, Miwatani and Pujino (1970) have 
si.om the presence of two- different subunits (U1 and 112) 
for Vibrio .haemolyticus which were separated by 
hydroxyl a.p at it e column ciromatography ; Lugenauer and 
Agabian (1976 and 1978) have shovm the presence of two 
flagellin subunits for Caulobacter crescentens.
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b. Molecular v,'eip:hts of fla^Gllin.
/ y
V/eibuil (1948 and 1950b),using sedimentation 
diffusion data, first estimated the molecular weight of 
acid disintegrated flagellins to be about 40,000. i
Erlander, Koffler and Foster (1900) claimed that flagellin !
Gf Proteus wlgaris exists as a monomer with a molecular 
weight of 20,000 below pH $.8 and as a dimer above pH 4.5: 
these determinations were made at low ionic strengths and 
low pH which probably resulted in tlie non-ideal 
behaviour of the-flagellin. Other workers have used the 
sedimentation equilibrium technique at near neutral pH 
values and obtained molecular weights of about 40,000; 
for example with Salmonella typhimurium (McDonough,1965),
Proteus vul'paris (Chang, Brown and Glazer, 1969),
Bacillus subtilis and Spirillum serpens (Martinez, Brovm 
and Glazer, 1967). The Archibald approach to equilibrium 
method also gave molecular weight values of about 40,000 
for Salmonella strains (McDonough, 1965;Asaliura, Eguchi 
and lino, l964-; lino, 1964), Vibrio alginolyticus and the 
two subunits of Vibrio haemolyticus (Shinoda, ^
Miwatani and Eujino, 1970; Miwatani and Shinoda, 1971) 
and between $0,000-50,000 for a. range of Bacillus species 
(Sten esh, Farquhar, Abram and Koffler cited in Smith and Koffler(l97|
More recently molecular weights for flagellin have 
been assessed from polyacrilamide gels containing SDS; 
for Bacillus megaterium 55,000 (Mirsky, 1970) which 
agrees with his sedimentation estimated value; for 
Salmonella species 50,000-60,000 (Kondoh and Hotani, 1974; 
McDonough and Smith, 1976) for Proteus species 59,000- 
45,400 (Glossman and Bode, 1972; Barr, 1975; fbdbonough 
and Smith, 1976); for Caulobacter crescentens 25,000 
and 27,000 for the two reported subunits (Bagenauer and 
Agabian, 1976 and 197^; Sheffery and Hewton, 1979) for 
Clostridium tetani 55,000 (Betts and Joys, 1978); for 
Escherichia coli strains 57,000-69,000 (Dawn, Orskrv and 
Orskov, I977d Davm, 1977; McDonough and Smith, 1976), for 
Pseudomonas rhodos simple and complex flagella 57,^00 and
55,000 respectively (Schmitt, Raska and Mayer, 1974; for^
Bacillus species 28,600-49,500 (McDonough and Smith, 1976). 
McDonough and Smith have also reported values for a wide 
variety of bacterial flagella which range from 28\600 for
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Bacillus sphaericus to 63,200 for a strain of Escherichia 
coli.
Some anomalous results have been observed for 
molecular weight values. Tauschel (1971b) on a study with 
R]Iodopseudononas palustris reported a value for the 
flagellin of 15,500 using the analytical centrifuge and
95,000 when using polyaci"ÿlamide gel electrophoresis 1 
Simon, Emerson, Shaper, Bernard and Glazer (1977) noticed 
that if Bacillus subtilis strain W25 flagellin is treated 
with 1# SDS at 100^0 for one minute a molecular weight 
of 2F,COO is obtained but if heated under the same 
conditions for 10 minutes a value of 54,000 is obtained.y
Kondoh and Hotani (1974) found for Escherichia coli strain 
K12 that if samples were heated in SDS to 100^0 a 
molecular weight of about 60,000 is obtained but without 
heat treatment the value was 52,000. McDonough (personal 
communication) reports that heating flagellin from the 
organism makes no difference to the electrophoretic 
mobility.
Parish and Marchalonis (1970) gave a molecular 
weight of 41,000 for flagellin from a strain of Proteus 
\nilraris on polyacrylamide gels at concentrations of 
acrylamide ranging from 7-14# (w/v).
c. iVmino acid compositions of flagellins.
Establishment of the amino acid compositions of 
some bacterial flagellins have indicated interesting 
common features among flagellins and some marked differences 
from the composition of muscle proteins, to which they were 
originally thought to be related. Most strikingly, 
cysteine is absent, from all preparations of flagellins.
Early ropoz'ts of the presence of cysteine in the 
flagellins of Proteus vulgaris and Bacillus subtilis 
(beibull, 194: and 1949; Koffler, Kobacrashi and Mallett, 
1956^ Kobayashi, Rinker and Koffler, 1959) were later 
disclaimed by the same investigators (cited in McDonough, 
1965). TiqiDtophan is also absent in most flagellins, 
although A b m a ,  Parquhar and Koifler (cited in omith and 
Koffler, 1971) have reported that three out of thirteen 
strains of Bacillus studied, contained tryptophan.
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Aspartic acid/asparagine and glutamic acid/glutamine are 
remarkably abundant; threonine, serine, valine, glycine, 
leucine, isoleucine, alanine, lysine, arginine, tyrosine, 
phenylalanine and methionine are also present. Proline and 
histidine are found in snail amounts or may be absent. An 
unusual amino acid E-N-methyllysine (NlkL) , which has 
only been reported as naturally occurring in histones as 
well (hurray, 1964), has been found in sevei'al
y
Salmonella flagellins (Ambler and Pees,1959), certain 
Proteus strains (Barr, 1975)^%ud in Spirillum serpens 
(Chang, Brown and Glazer, 1969). A gene has been located 
wliicl; determines the presence or absence of NML in they
flagellar proteins (Stocker, McDonough and Ambler, 1961).
A quantitative replacement of NML by lysine is found'in 
strains that do not contain this methylated amino acid 
(McDonough, 1965). Chang £t (1969) have reported the 
presence of one residue of E-N-dimethyllysine in^ 
Salmonella typhimurium. Trohick and Martinez (1971) and 
Kerridge (1966) suggest that the méthylation of lysine 
occurs after the protein l.as been formed but before 
incorporation of flagellin into the filament.
McDonough (1965) has given a detailed analysis of 
antigenically distinct Salmonella flagellins, indicating 
that they consist of about 580 residues based on a 
molecular weight of 40,000 for the flagellar p-otein. 
Generally the amino acid compositions were similar, 
containing l.igh proportions of aspartic acid, glutamic 
acid (or amides), threonine and alanine, with little 
tyrosine, phenylalanine, ethionine, proline or 
histidine. Cross reacting antigenic groups such as the 
g—  series and the e—  series showed similarities in 
amino acid composition. The —  series of flagellins 
lacked histidine and had a phenylalanine to tyrosine 
ratio of 1.4 to 1.0. In contrast, histidine was present 
in all other antigen types and the phenylalanine to 
tyrosine ratio was approximately the reverse of that for 
klie ^—  series. To e:\press the degree of similarity or 
dissimilarity between the flagellins from different 
H antigen, types of Salmonella, McDonough (1965) 
expressed the overall di.fierences in amino acid
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composition as Zk , or the sum of the differences in the 
number of residues for each amino acid per molecule. For 
this reason NML was considered as lysine and the 
difference between acids and amides was not 
distinguished. Using this method, A. values between cross­
reacting groups were relatively small such as the g—  
series. They grouped the g—  antigen flagellins together, 
the 1,2, À , a, r , and e—  antigen flagellinstogether and 
that of the b antigen in a separate group. It was 
concluded from these results that differences in amino 
acid composition of the protein reflected a difference in 
antigenic character. ^
Kobayashi, Rinker and Koffler (1959) and Chang,
Brovm and Glazer (1969) both reported the lack of ^
histidine in the flagellin of Proteus vulgaris. Barr (1975) 
in a study of several strains of Proteus noted the 
absence of histidine in P. vulgaris strain NCTC 10020 but 
that it occurred in some other Proteus strains. Barr also 
noted the presence of NMTj in 5 strains of P. norganii.
The overall amino acid composition of Proteus flagellins 
is like that for Salmonella with a phenylalanine to 
tyrosine ratio similar to the value for the g—  antigen 
ser'es. ^
Simon, Emerson, Shaper, Bernard and Glazer (1977) 
compared the amino acid compositions of flagellin from 
16 strains of Bacillus subtilis. They were divided into 
four groups mainly based on their tyrosine and 
phenylalanine content; group 1 included strain 16B and the 
flagellins contained 1 tyrosine and 5 phenylalanine 
residues; group 2 flagellins contained 7 phenylalanine 
and no tyrosine residues; group p flagellins had a 
higher tyrosine than phenylalanine content; group 4 
flagellins contained little or no tyrosine or 
phenylalanine. Serological analysis (Simon eb al^, 1977; 
Emerson and Gimon, 1971) confirmed and agreed with the 
groups chosen. Abram, Farquhar and Koffler (cited in 
Gmith and Koffler, 1971) compared the amino acid 
compositions of flagellins from 5 thermophilic and 5 ' 
mesophilic strains of Bacillus. ]Io striking differences 
v/ej'*e seen between then except that ohe thermophilic 
strains contained 1.5 tines as much threonine as the
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mesophilic strains. The relative abundance of threonine 
residues in thermophiles was suggested to allow greater 
opportunities for interactions of the molecules and 
hence stabilisation of the flagellum. Bacillus strains 
contain up to four times the quantity of methionine in 
the flagellins than Salmonella flagellins (Smith and 
Koffler, 19/1).
iVnalysis of flagellins from Vibrio para.haernol.yticus, 
both the U1 and U2 subunits (Shinoda, Miwatani and 
Fujino, 1970) and Vibrio alginolyticus ( Miwatani and 
Shinoda, 1971) indicate the presence of a small amount of 
histidine in tkc • s-ok-axvits, and proline was only found 
in the U1 subunit of V. parahaemo1yticus but not in the 
IJ2 subunit or in the flagellin of V. alginolyticus.
Amino acid compositions of flagellins from 
Rhodespirillum palustris (Tauschel, 1971b) Spirillum 
serpens (Martinez, 1965b; Martinez, Brown end Glazer,
1967Ô and Clostridium tetani (Betts and Joys, 1978) all 
contained histidine and proline in small amounts.
d. Cleavage of flagellins.
Flagellins have been cleaved chemically or 
enzymatically mainly for comparative purposes and also to 
obtain large peptide fragments for amino acid sequencing 
of the protein. The products of the cleavage are usually 
detected by chromatography, electrophoresis or a 
combination of both procedures. 'Trjÿpsin digestion has 
given the most reproducible results from enzymatic 
digestion of the whole protein as it cleaves on the 
carboxyl side of lysine and arginine residues, while 
other enzymes ai*e less specific.
Much of" the work in this field has been done on 
flagellins of Salmonella. McDonough (1962) revealed 50 
separable tryptic peptides from 2. tyghimurium phase I 
flagellin. This was later refined to identify 55 out of 
the 56 e:<pected from the number of lysine (including mi) 
and arginine residues calculated to be present for a 
molecular weight of 40,000. lino (1964), and Enomoto and 
lino (1966) also demonstrated the presence of 55 peptides 
in a oalmonella flagellin. Joys and Kim (1978) isolated
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20 soluble tryptic peptides from th.e flagellin of
Salmonella 81 2$ and found 5 to contain only NMl end the
remainder only lysine. This indicates that méthylation
occurs at specific lysine residues with high efficiency.
Various workers have noted the change of one or more of
the tryptic peptides between antigenic mutants and the
original strain, and between different antigenic types.
McDonough (1962) isolated four serologically mutant forms
of the i flagellar antigen which wore identical to the wild type
except in one of the 50 identified peptides. Yamaguchi and lino
(1970) isolated serological mutants of the f,g flagellar
antigen and comparison of the tryptic peptides of
flagellins from two of the mutants with the wild type
showed differences in only one or two peptides. Joys and 
, . mutants
Martin (1975) isolated serologicali^ of the i flagellar
antigen; 28 of the flagellin peptides were found to be
the same as the wild type but one was different in each
reflecting either a change of one or two anino acids or in
one mutant a deletion. Joys, Martin, Wilson and Rankis
(1974) found that Salmonella strains LT2 and SW 1061
flagellins had 28 and 27 peptides respectively; 25 were
equivalent and the other 2 of strain SW 1061 were
equivalent to two in the LT2 strain except for the odd
amino acid difference. lino (1964) reported a difference
of only 6 peptides from Salmonella flagellins of antigen
1,2 and e,n,x and lino (1964) and Enomoto and lino (1966)
reported a difference of only one peptide and possibly
only one amino acid between the curly shape mutant and
the normal shape flagellins of Salmonella abortus-equi.
Parisli and Ada (1969), and Davidson (1971) have
cleaved the flagellin of Salmonella adelaide with
cyanogen bromide (GNBr), which cleaves the protein at
methionine residues only. Four fragments were obtained
(labelled A, B, C and D), and wore characterised as
follows :-
IT terminal C terminal
ala met,lys met,phe met,ser --- leu-leu-
12,000 18,000 4,500 5,500 leu-arg
Molecular weight
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All buü one of bhe eleven NML residues were located in 
fragment A. Davidson (1971) has reported a partial amino 
acid sequence for the flagellin of S. adelaide from GNBr 
fragments and methionine containing trjpitic peptides. Joys 
and RankIS (1972) also reported a partial amino acid 
sequence of the _i Salmonella flagellin by sequencing 29 
of the expected 4p tryptic peptides. Tchiki and Parish 
(1972) digested the flagellin of S. adelaide under sub- 
optimal conditions with trypsin and pepsin,and on 
purification yielded 2 and 5 or 4 large resistant 
fragments respectively. These fragments contained most of 
the antigenic determinants and suggest the overlap regions 
lie between GNBr fragment A and others.
Ghang, Brov/n and Glazer (1969) obtained pi tryptic 
peptides for Proteus vulgaris which is in good agreement 
with the number calculated from the lysine and arginine 
residue total for a molecular weight for tlie flagellin of 
40,0G0. Barr (1975) found between 52-58 of the 57-47 
calculated tryptic peptides for the flagellin of 
different Proteus species. Bair also isolated the tryptic 
peptides from P. vnlgaris strain NCTC 10020 and 
sequenced 9 fully or partially. The N terminal amino acid 
sequence of two strains of Proteus was reported as
ala - leu - val - gly ---. Glossnan and Bode (1972)
cleaved the flagellin of Proteus mirabilis with cyanogen 
bromide. Three fragments wore isolated and characterised 
as follows:-
IT terminal C terminal
V"' T’O PZlala net,phe met,val --- leu,a:g
12,000 25,900 9,000
molecular weight
Mai’tinea, Bi’ovm aiid Glasor (1967) obtained 36-39 
trypciü peptides in cUcests of the SoiriJ-Iun serpens 
flan-ellin and 33 tryi)tic peptides for the flagellin of 
Bacilins subtilis- Martrnez, JoMcki, LuncUi and .-ronicz! 
(19C8) found a sincle peptide difference in fingerprints 
of ti’vptic digests of flagellins fron a straight waveform 
mntojit and a normal l;elical tj^e of Bacillus subtilis. In 
t'.ie mutant peptide alanine v;as substituted for valine. 
E..aerson and ,linen (1?6), and Belance, Chan-, Khaper,
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Martinez, Komatzu and Glazer (1975) compared serologically 
different strains of B . subtilis and found that 16 of the 
27 tryptic peptides were common to the V/25 and 168 strains 
and 9 Oi. the peptides were common between eighteen other 
strains. The strains within the distinct classes based on 
amino acid compositions and serological reaction, generally 
showed little or no difference in the fingerprinting of 
tryptic peptides. Ihierson and Simon (1971) suggest that 
the 9 common peptides of these eighteen strains of B. 
subtilis must be situated inside the folded flagellin 
molecule rather than outside at the antigenic site.
Delange ejt (1975) and later Chang, Delange, 
Shaper and Glazer (1976), Shaper, Delange, Martinez and 
Glazer.(1976) and Delange, Chang, Shaper and Glazer 
(1976) have reported the complete amino acid sequence of 
the flagellin from Bacillus subtilis strain 168. They 
initially cleaved the protein with CNBr yielding 8 
fragments, with trypsin, chymotrypsin, and also with 
N-bromo-succininiide which yields 2 fragments. There was 
found to be 304 amino acid residues in total, and the 
primary structure revealed no obvious regularities or 
major repetitions of homologous sequences. The hydrophobic 
residues were distributed randomly in the sequence.
Tryptic peptides of fl.agellins from Salmonella 
adelaide (Davidson, 1971), Salmonella typhimurium (Joys 
and Dankis, 1972), Proteus mirabilis (Glossman and Bode, 
1972) and Bacillus^, subtilis (Delange £t , 1975;
Shaper ejk al., 1976; Delange «ah al., 1976) showed 
several homologies, indicating a possible common 
evolutionary origin. In all flagellins studied alanine 
was the N-terminal amino acid except for flagellins from 
some Bacillus species (Stenesch and Koffler, cited in 
Smith and Koffler, 1974; Delange et al., 1976) which had 
methionine at the N-terminus. All flagellins reported 
showed common C-terminal amino acids of at least 
-leu-arg-00%.
e. Flagellar hook proteins.
Thie hook part of the flagellum .was found to be
proteinaceous in nature end often was very different
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from the well studied flagellin protein. The protein was 
either obtained from polyhonk mutants, which have 
abnormally long hook regions of the flagellum but no 
filament attached (Silverman and Simon, 1972; Sheffery 
and Newton, 1979) or by obtaining whole flagella and 
selectively disaggregating them with 0.1 M glycine RCl 
buffer at pE 3-5 (Paska, Mayer, Edelbluth and Schmitt,
1976) which leaves the hooks intact and the flagellin 
dissggregated. Hooks from polyhook mutants can be isolated 
hy shearing them from^the cells with a high speed blender. 
Dimmitt and Simon (1971 N) also isolated hooks fron a 
mutant of Bacillus subtilis that produced heat labile ---------------    ^ y
filaments. Kagawa, Owaribe, Asakura and Takahashi (1976) and
Kagawa^t sd (l97^ ) obtained hook proteins from Escherichia 
coli and Salmonella tyihtimurium which had been acid 
dissociated and purified by DEAE cellulose chromatography. 
All the above given reports indicated that the hook 
protein is less vulnerable to- acid, detergents or urea 
than flagellin but can be disaggregated ultimately.
Folyacrÿlamide gel electrophoresis has been used to 
check the purity of the hook proteins and to determine 
their molecular weights. Dimmitt and Simon (19711) have 
reported a value of 35,000 for Bacillus subtilis and
41,000 for the flagellin; Kagawa _et al. (1976) gave 45,000 
for the hook, and 36,000 for tiie flagellin of two 
Salmonella strains; Hilmen and Simon (1976) gave 42,000 
for the hook protein of an Escherichia coli strain; Raska 
et al.(l976) reported a value of 45,000 for the "complex 
flagella" hook protein from Pseudomonas rhodos;
Sheffery and Newton (1977) gave 72,000 for the hook 
protein of Caulobacter crescentens.
Aiiino acid compositions have been reported for 
several hook proteins. Kagawa et ad.(1976) have shown, the 
iiook protein of Salmonella strain S.T25, to contain two 
residues of tryptophan; no NML or cysteine; higher 
values of proline, tyrosine and phenylalanine but lower 
values of leucine, isoloucine, arginine and alanine  ^
than Uhe flagellin molecule. Silverman and Simon^(1972) 
for Escherichia coli and Sheffery and Newton (1979) for 
Caulobacter crescentens have both shovm that the amino
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acid content of the hook proteins contain no tryptophan 
or cysteine with a higher proline, methionine, 
phenylalanine and tyrosine content than their respective 
flagellins. Sheffery and Newton suggest that the hook 
proteins of E. coli, Salmonella SJ25 and C. creseentens 
are more closely related to each other than their 
respective flagellins and suggest this might have some 
evolutionary significance.
Kagawa et (1976) reported the N-terminal amino 
acid of the hook protein from Salmonella SJ 25 as serine.
8. Serology of bacterial flagella.
✓
Malvot (189?) first noticed that cultures of 
flagellated cells typically gave flocculant precipitates 
when treated with a suitable antiserum and later Joos 
(1903) showed that two separate classes of antigens were 
distinguishable with Salmonella typhosa, based on the' 1/
type of agglutination observed. Smith and Reagh (1905) 
recognised these two classes as being derived from 
somatic or flagellar- origin. Weil and Felix (191?) 
noticed two distinctive antigen types in strains of 
Proteus displayed by motile (flagellated) and non-raotile 
(non-flagellated) strains. Motile strains grow out from 
a point of inoculation on the surface of semi-solid 
medium to form a spreading film (German=hauch='E') of 
growth :/non-motile strains grow as discrete colonies 
(no film=ohne hauch='0'). Ma^y early investigators 
(Gruschka, 1922; Balteanii, 1926; Nelson, 1928 - cited 
in Smith and Koffler, 19?1) found that heated 
preparations of flagellated cells lost their 'E' 
agglutinability together with their filaments and 
motility. Craigie (1951) removed flagella by shaking, 
and this rendered the cells non-agglutinable to 'E' 
antisera; the purified flagella were agglutinated by 'E' 
antisera but not 'O' antisora.
Divalent antibodies, not monovalent antibodies, can 
immobilise flagelleted cells by cross-linking the 
flagellar filaments (Gard, l95?;Greenborg and Moore,
19^6). Various authors (Elek, Kingsleyr Smith and ^
Eighman, 1961-; AsaJiura, Eguchi and lino, 1966; Dawn, 196?) 
have photographed antibodies bound to flagellar filaments.
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Peterson 0959) noticed that if an antiserum was 
prepared against the flagella filaments of one strain of
Disterella a number of other strains will cross react
while some will 'not be agglutinated by the serum.
ITalcaya, Uchida and Pukumi (1952) later demonstrated that
each filament may contain many different antigenic sites;
for instance they noticed that antiserum against the
antigen sub-components £ and m of Salmonella enteritidis
agglutinated all isolated flagella from this bacterium
and filaments from Salmonella oranienburg (antigeig, m,t)
but not filaments of Salmonella abortus-equi (antigen
e_,n,x). Davies (1951) also identified five groups of
H antigens in 22 strains of Bacillus polyi.iy:ca. Detailed
reports of the antigenic specificities of flagella frc>m
Salmonella, Proteus, Escherichia coli and some other
members of the Eriterobacteriaceae are given by Kauffman
(1964 and 1969), Edwards and Ewing (1972) and Ke Iter born \/
(1967). Antigenic specificity has also been observed in 
flagella of different species of Spirillum serpens 
(Martinez, Brov/n and Glazer, 196?) in different strains of 
Bacillus subtilis (Martinez et al.,1967; Emerson and
y
Simon, 1971) and in strains of Erwinia carotovora (De 
Boer, 1980). Shinoda, Miwatani and Pujino (1970) have 
shovm that the two flagellins (U1 and 112) isolated from 
Vibrio parahaomolyticus are antigenically different; the 
U2 subunit cross reacts with the flagellin from Vibrio 
alginolyticus (Miwatani and Shinoda, 1971).
'   y
Gord, Heller and Weibull (1955) demonstrated by 
agar diffusion with Proteus antiflagellar serum a line of 
precipitation specific for flagella and a second line 
specific for heat or acid disaggregated, flagellin which 
disappeared on reaggregation of the material. This 
indicated that whole flagellæ? filaments and flagellin 
react serologically differently. Martinez et al.(196?) 
observed essentially the same phenomenon with flagella 
from Spirillum serpens and Bacillus subtilis. Koffler 
(1957) found that a flagellin was able to precipitate 
only 20# of homologous antiflagellar antibodies, and 
flagellar filaments reacted similarly with antiflagellin 
antibodies. Kerridge, Horne and. Glauert (lpo2) also found
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that more ultrasonically disrupted flagella of Salmonella 
was needed to precipitate antiflagellar serum than the
who^ le flagella. Ada, Nos sal, Fye and Abbot (1965 and 
1964) using the three physical states of .flagellin - as a 
monomer (M), as a reaggregated polymer (P) or as the natural 
filament (P) - and found using gel diffusion and 
Immunoelectrophoresis the presence of one main antigen 
with sometimes evidence of a minor antigen. Ada et al. 
also noticed that 2-1 times more flagellin was needed to 
neutralise anti P or anti P antisera. They concluded that 
the three physical states contained the same protein 
subunits but the differences were due to the structural 
organisation of the var-ious antigens. Tchika and 
Martinez (1969) noticed the presence of unique and cross - 
reactive antibodies against the flagellin of Bacillus 
subtilj.s of 4 types; 1) antiflagella immobilising 
antibodies that are neutralised by flagella only;
2) antiflagellar antibodies which cross-react with flagellin; 
5) antiflagellin immobilising antibodies whi ch are 
neutralised by flagella and flagellin; 4) antiflagella 
antibodies which react specifically with flagellin, A 
scheme was proposed to explain this where the immobilising 
antibody (anti A) is only neutralised by flagella and 
anti P serum will bind flagellin oi- flagella. Tn the 
flagellin molecule the A antigen is incomplete or altered 
by a conformational change and can be represented as A/2..
A/2, has a lev; affinity for anti A serum but cannot 
neutralise it. Anti A/2, serum can be neutralised by 
homologous flagellin and cross-reacts with A. Anti N 
serum reacts specifically against the flagellin antigenic 
determinant. Ichika and Martinez also found that the 
flagellin of Bacillus subtilis does not neutralise antisera 
against its homologous flagella unlike that of 
Salmonella adelaide (Ada et al., 1964). Ichika and 
Martinez suggest this is due to the gross difference in 
surface structure ; B. subtilis as a ’lined’ structure and
8. adelaide an amorphous structure, hangman (1972) 
sliowed common antigenic determinations in Salmonella 
flagellins that were previously regarded to be distinct, 
he proposed that the flagella II antigen be designated as
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either Hv (variable) or He (common). In these terms, the 
Kauf fman-V/liite scheme describes the Hv d e t er m in an t s only.
The antigens of the He regions can be demonstrated by gel 
diffusion or passive haomagglutination methods.
Flagellin (K) differs markedly in its capacity to 
cause antibody formation in vivo to flagella (p) or 
repolymerised flagella (P)• F is more effective at exciting 
a response than F which is itself more effective than M at 
inducing antibody formation (Ada et al., 1965). Hossal,
Ada and Austin (1964) and Ada et alyshowed that F and P of 
S. adelaide caused 19S antibody formation initially in 
rats and rabbits, then later 78 antibodies were formed, 
li cannot stimulate the production of 198 antibodies. 73 
antibodies showed activity with either F or M/out with a 
higher titre for the former. Simon (cited in Joys, 1968) 
foimd essentially the sar.:.e results for Bacillus subtilis.
Precipitation inhibition tests with the polypeptides 
obtained by cleaving flagellin with cyanogen bromide 
further indicated that the polypeptide region responsible 
for antigenicity is localised on the flagellin molecule 
(Ada, Parish, Hossal and Abbot, 1967; Parish and Ada, 1969; 
Parish, histar and Ada, 1969). The cyanogen bromide A 
fragment has been isolated by these workers and shovm to 
possess all the antigenic determinants of the flagellin 
molecule. Gn reaction with antiflagellin antibodies, the 
whole OHBr digest retained 90# of the antibody precipitating 
capacity (histar, cited in Ada et al., 1967). Ada e^ al.
(1967) partially cleaved the flagellin of 3. adelaide 
with trypsin and pepsin at sub-optimal temperatures of 
digestion. Serological tests indicated that the antigenic 
determinants of the flagellin were localised in the pepsin 
and trypsin resistant frag: ents of the molecule. Martinez, 
mhaper, Lundh and Bernardl(1972) have digested intact 
flagella of Salmonella typhinuriurn with trypsin and thin
fibres were found to appear at only one end. Antiflagellar 
serum reacted with flagella and flagellin but not with'the 
fibres.
Mutants of S. t:phimurium with serologically 
altered i antigens have been isolated (Joys, 1961; Joys and 
Ftcc'er, 1966) and shown to have chemically altered
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flagellin molecules as noted by differences in their 
tryptic maps (McDonough, 1962). These mutants, isolated by 
picking out spreading: colonies on medium v/h.ich contained 
enough anti ± serum to retard the spreading growth of 
normal cells, possessed new unique specificities and 
retained some of the original specificities. Gnosspelius 
(1959) has also reported altered antigen forms of d and 1,2 
specificities in Salmonella Stanley. Yamaguehi and lino 
(1969 and 19/0) have produced antigenic recombinants within 
the El gene of the g—  antigenic complex. Tryptic peptide 
maps of flagellins from the recombinants contained a mixture 
of peptides derived from the two parental flagellins. Cn 
tlie assumption that the antigenic recombinants resulted 
from a single cross-over within the HI gene, the positions 
of 9 different £ antigenic factors were ^ ascertained.
Stocker, McDonough and Ambler (1961) I'la.ve shown that 
méthylation of lysine in flagellin can be serologically 
important. In the phase ? 1,2—  antigen complex of 
Salmonella a correlation exists between the presence of 
NML and the antigen 2  (Joys and Stocker, unpublished, 
cited in Pearce, 1966); th.e antigen only appears in cells
tUe
where%nml gene has been introduced.
9 . Polymerisation of flagellin.
Ada, hossal, Pye and Abbot (1965) were the first to
report the in. vitro polymerisation of flagellin to give
flagella-like filaments.Reaggregation of flagellin is
now 'nov/n to occur under a variety of conditions. Ada et
y
al. and howy and McDonough (1964) reported the in. vitro
repolymerisation of Salmonella flagellin after
precipitation with ammonium sulphate at neutral pH. Lov/y
and McDonough have shown by electron microscopy that
repolymerised flagellin, obtained by this method, is often
indistinguishable fro::: native flagella filaments.
Wakabayashi, Hotani o.nd Asaliura (1969) also found that
rapid and complete polymerisation of flagellin was brought
— P— P—
about by the addition of F , CCh' , HPC^ ' and citrate ions
to a final concentration of at least 0.5 M. If the salt
concentration was increased up to 1.2 M, the average
length of the filaments decreased, and in addition some
5S
of the filsu.'ients took on ei straight form. Wakabayashi 
and Mitsui (1970) have shown by X-ray diffraction 
studies that there is no major structural difference 
between filaments and these straight forms.
Flagellin prepared from acetone or heat treated 
flagella remain in a state of super-saturation at 
neutral pli and in the absence of salts (AsaV.ura, Eguchi 
and lino, 1964). If however seed fragments, short lengths 
of flagella prepared by sonication, were added, a rapid 
increase in viscosity took place as repolymerisation 
occurred. This has been likened to the process of 
crystallisation where the ends of the added fragments act 
as nuclei for the monomers to build on. The length of the 
filament formed is dependent on the ratio of the 
concentrations of monomer and seed added (r) and increases 
linearly as r increases. Growth rates are dependent on the 
surrounding physiological conditions but may be up to 
0.1 p.m/min. A one-to-one correspondence holds between the 
number of added seed fragments and fully grown filaments.
Abram and Koffler (1964) polymerised acid 
dissociated flagellin from Bacillus pumili.s in the 
absence of both high salt concentrations and seed. They 
found the flagellin reassembled into at least three forms, 
two of which are highly organised and appear as straight 
structures and flagella-likefilaments. The reaggregation 
took place with the flagellin in deionised water or 
phosphate buffer and proceeded more rapidly at 25^C than 
4°C. Below pTT 'I-.7 no reaggregation was seen but above this 
value initially straight structures were observed in the 
repolymerised material. As the pF was raised the 
proportion of flagella-like filaments increased and 
between pII p.4 and 6.p only flagella-like filaments were 
present.
In 1966, Asakura, Eguchi and lino reported that 
the addition of seed fragments from flagella of one 
strain of Salmonella could initiate the polymerisation 
of a flagellin solution from a different strain. Kinetic 
studies by viscometry and electron microscope observations 
showed that the overall rate of polymerisation depends 
on the type of monomer rather than the type of seed
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added. It was also found that the shape of the 
reconstituted filament was determined by the nature of 
the monomer, if short seed fragments were used; for 
exar’ple if normal flagella seeds were used to polymerise 
curly monomers the newly pclymerised filaments was curly.
Flagellins of two different types can be 
copolymerised by the addition of a seed. Asahura and lino 
(1972) found that copolymerised flagellins from normal and 
straight flagella could assume five common stable waveforms 
under normal physiological conditions depending on the 
ratio of the constituent monomers. These waveforms have 
been named normal, curly ZT, curly HZ', curly Zl and 
straight; each has a characteristic wavelength and pitch 
for their helical form. When straight and curly U,or 
curly IZ2 and normal monomers were copolymerised the 
wavelength and pitches of the curly types H  and ZJJ. 
waveforms, observed by electron microscopy, were modified 
slightly as the ratio of the respective monomers was 
changed.
Polymerisation experiments with antigenically 
different flagellin monomers and seed, have shov/n that the 
growth of the filament ip. vitro occurs from just one end. 
Asakura, Eguchi and lino (1963) used mixed monomer and 
seed of two antigenically different types of flagella and 
allowed them to copolymerise. After treatment with 
antiserum specific for the monomer, most filaments were 
labelled except for a small part corresponding to the seed. 
Never was the situation observed where an unlabelled pai.t 
was in the centre of two labelled parts, or a labelled part 
in the centre of two unlabelled regions. Also on addition 
of a small amount of seed to a mixture of monomers, long 
filaments are produced and each monomer appeal’s to be 
located uniformly along its length by antibody labelling.
Fragments of flagella, negatively stained and examined 
under the electron microscope,nearly always appear to be 
asymmetrical in shape. Abram, Koffler and Fatter (1966) 
found that only distal ends of isolated flagella were frao-ed. 
Asa ura et al.(1963) also noticed this shape on growing 
filaments during repolymerisation; they termed these ends 
talking the shape of a fish tail the T ends and the 
opposite end the IT end. The free ends of the seed fragments
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took on the shape of the T end while the R ends were 
often associated together, as at the base of a bunch of 
flowers. Growth of the filaments seemed to take place at 
the T ends only. Oosawa and Higashi (196?) proposed a theory 
of unidirectional polymerisation of proteins based on the 
assumption that the protein undergoes a conformational 
change during polymerisation.
Cross copolymérisation has been carried out using 
monomer and seed from different bacterial species and 
genera. Barden and Diebel (1972) have mixed monomer and ' 
seed of flagella from different Salmonella species and 
foiuid that for some species, copolymérisation occurred if 
the monomer was present but not if the monomer from the 
other species was used. They also found that flagellin 
from a strain of Escherichia coli could copolymerise with 
seed fragments of Salmonella cubana or Salmonella derby 
and flagellin from Proteus vulgaris could copolymerise 
with seed fragments of E. coli and S. cubana. Kuroda 
(1972) found that monomer and seed from flagella of 
Salmonella and Pi'oteus species could be copolymerised but 
monomer and* seed from Salmonella or Proteus species could 
not be copolymerised vàth that of a Bacillus species. 
Although the amino acid composition of Salmonella and 
Proteus flagella are different, the three dimensional 
structure of the protein must be similar for interaction 
to occur favourably and to result in copolymerisation.. 
Perhaps this has some taxonomical significance.
Asakura (1968) investigated the rate of repolymeris­
ation with respect to the concentration of monomer and 
seed added, and suggested it followed îîichaelis-Iîentcn 
tjTpe kineticp. Asal'ura (1968), and Wakabayashi, Hotani and 
Asakura (1969), in conduction with the original- kinetic 
theory for protein repolymerisation of Oosawa and Kasai 
(1962), proposed that repolymerisation is composed of two 
steps; a reversible binding of monomer to the end of the 
seed fragment; the incorporation of the bound monomer into 
the seed fragment and to change it to form a new end for 
further binding, probably by a conformational change.
Kondoh and Hotani (197^) suggested that both monomer and 
seed determined the rate of polymerisation on the basis o f
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homo-polymerisation, hetero-polymerisation and mixed 
copolymerisation of Escherichia coli and Salmonella 
flagellin. Knroda (1972) found that the initial rates of 
polymerisation of Salmonella, Proteus and Bacillus 
flagellin onto homologous seeds were different even under 
the same physiological and optimal conditions for 
polymerisation.
Fujime, Ilada, Usami, Hai'uyama and Asahura (1972) and 
Fujime, Maruyama and Asah-ura (1972) have investigated the 
repolymerisation of flagella by measuring quasi-elastic 
scattering of laser light and flow birefringence. Their 
data suggested that the average length of filaments did not 
exceed a critical value. Hotani and Asahura (1974) 
proposed a model for the limiting of filament growth in 
vitro and suggest that during polymerisation a "failure" 
may happen by which a monomer is v/rongly incorporated 
into a filament; a filament stops growing when a critical 
number of "failures" occur along its length. It is possible 
to obtain very long filaments by in vitro polymerisation, 
but in vivo the average rate of elongation was found to 
fall exponentially with the increase of filament length 
(lino, 19749.
Several investigators have looked at the change
in different physical properties on polymerisation of
flagellin. Erlander, Koffler and Foster (i960) suggested
that the flagellin of Proteus vulgaris existed as a
monomer belo.w pH p.8 and as a dimer above pH 4.5 . They
showed that on lowering the pH of the solution a change in
the optical rotary dispersion (OBD) spectrum could be
observed as the monomer unfolded, and accompanied by a loss
of secondary and tertiary structure of the protein. This
suggested that the conformation of the flagellar protein
is important for polymerisation. Klein, Foster and 
y
Koffler (1969), and IJratani, Asahura and Imahori (1972) 
observed the change in CRD and circular dichroism (CD) 
spectra on polymerisation of several bacterial flagellins. 
Their results indicated that at high ionic strengths, high 
temperatures or low pH values the flagellar protein 
contained a low oc helix content and a much higher P 
structure than in the polymerised form. On polymerisation 
of flagellin at physiological conditions, however, the
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oc helix contint increased by a factor of 2. Gerber and 
Noguchi (1967) found that large volume changes 
occurred on polymerising flagellin at neutral pF. This 
volume change reached a maximum value at 55^0 and 
decreased rapidly either side of this temperature; the 
maximum rate of repolymerisation however occurred at 28^C. 
This temperature dependence indicated that the monomer 
could exist in an active and an inactive state for 
polymerisation; at 28°C the active state was predominant 
and at 35^C the inactive state was predominant. Gerber 
and Noguchi calculated the enthalpy and entropy of this 
equilibrium state as 108 Kcal/mole and 557 eu respectively 
and the values for the polymerisation reaction as 7-2 Kcal 
/mole and -10.1 eu respectively, at 25^0. Uratani et al. 
(1972) and Bode and Blume (1975) using OPD and CD 
spectroscopy also showed that 5 discrete conformational 
states exist when flagellin is heated from 25^C to 65°C, 
each of which are reversible.changes. Gerber, Routledge 
and Takashima (1972) suggested from dialectic dispersion 
spectra data, that there are two limiting factors for the 
change of conformation of flagellin at 26^0 and 55^0, with 
heat capacities of 6.2 Kcal/mole and 8.4 Kcal/mole 
respectively.Using the dielectric dispersion technique 
it was found that the dipole moment changed between these 
temperatures and the ratio of the short to long sides of 
the elipsoid flagellin molecule changed from g:1 at 26°C 
to 8:1 at 55^C. A similar conformational change occurs 
on polymerisation. Gerber, Asakura and Oosawa (1975) 
looked at the kinetics of polymerisation and depolymeris­
ation and proposed that the rate limiting step of 
polymerisation was the binding of monomer to the end of 
a filament; the rate constant for the forward reaction 
was optimal at 28°C. The rate determining step for 
depolymerisation is where the bound monomer changes 
conformation but still remains attached^to the filament. 
Martinez, Ichiki, Lundh and Tronick (1968) found the 
thermal properties for the rœpgrregation of normal and 
straight flagellins to be similar. ^
Hotani, Asakura and lino (1969) found that a 
membranous cellular component could promote the 
polymerisation of Salmonella flagella under physiological
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conditions. The resulting filaments, called filaments,
are straight, thinner than normal filaments and their
width is not uniform but varies from 5-20 /;n. Because of
their rough appearance it is difficult to observe their
surface structure. They are highly stable to acid, alkali,
heat, urea and SDS, and never depolymerise at
concentrations of these substances where flagella
completely depolymerise. ’P ’ filaments repolymerise under
optimal conditions of 65^0 and pH 8.2; either side of
these values the rate falls rapidly. Hotani, Goi, Kagawa,
Asakura and Yai.iagiichi (1970) reported that the monomers of
flagella and ’.P' filaments have the same primary
structure and were antigenically the same. Kagawa (1970)
isolated the membrane fraction that caused 'P' filament
formation, with detergents and found it to contain
protein, polysaccharide, organic phosphorous in a weight
ratio of 6.6:10:1 respectively; these components were
lightly bound into a complex. If the complex was added to
a .flagellin solution nearly 100# of the flagellin
Teagg.egated into 'P' filaments. ’P' filaments could be
depolymerised with C M guanidine hydrochloride (Hotani,
✓
1971) and if the resulting monomer solution was dialysed 
against 0.16 II HaCl at neutral pH, a metastable solution 
was formed that could repolymerise to ’P' filaments or 
flagellar filaments under appropriate conditions. Kagawa 
(1975) found that deoxycholate and other bile salts could 
also induce 'P' filament formation- The CD spectra 
(Kagawa, 1975; Hotani, 1971) of flagellar and 'P' 
filaments at 25^0 are similar, but indicate that when 
'P' filaments form at optimal conditions of 66^0 the 
secondary structure of the flagellin molecules changes 
and acquires a large B component which gives them their 
high stability. Infra red spectra and X-ray diffraction 
studies (I'/akabayashi, Yamaguchi and Kagawa, 1974) 
confirmed this and the infra red spectra showed the 
presence of antiparallel /5 structure.
Huzuki and lino (1066) and lino, Suzuki and 
Yamaguchi (1970 and 1972) reported that exogenous 
flagellin can be reconstructed to flagellar filaments 
at the tips of short flagella attached to living cells, 
and that the reconstituted flagella on the cell body can
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Gxert their norrnal locomotive function.
v/
Attempts were made by Bode and G-lossman (1970) to 
find out the minimal portion of a flagellin molecule that 
is capable of reagg.-egation and where thc-'binding sites 
are situated on the molecule. They modified Proteus 
mirabilis flagellin in several ways and examined the 
ability to polymerise. They found that treatment with 
carboxypeptidase B completely prevented polymerisation of 
a seeded solution of flagellin. Tn order to cliech 
whether the enzyme treatment affected the flagellin 
structure they compared the CD spectra of treated and 
untreated monomer; no conformational change was detected. 
The effect of the enzyme may however have been more 
discrete and involved something more than the removal of a 
few C-terminal residues.
1C. Growth of flagella ini vivo.
Although flagellins have been s hi own to rea^gregate
in vitro, it has been suggested that ir vivo reâ-ggregat-i on
is mediated by a biological organising principle. Btocher
and Campbell (1959) observed that in deflagellated cells
of Salmonella, the flagella regrew for a limited period
after which no further elongation was seen. The growth
rate was unaffected by deflagellation but the mean number
of - flagella per cell was less than before deflagellation.
Kerridge (1961) proposed, that either the flagellar
apparatus had a limited life or that the synthesising
system was damaged.as the flagella were ripped out.
Experiments on polymerisation of flagellin in vivo
using short flagellated cells grovm either on media ^
containing parafluorophenylalanine (Mitart and. lino, 1967;
lino, 1969b) or E" labelled leucine (Emerson, ’"ahuyasu 
y
and Simon, 1970) suggest that polymerisation occurs only 
at the distal end of the filament as sliown by the 
incorporation of curly or radioactively labelled sections, 
respectively.
The in vivo rate of elongation of filaments during 
growth decreases exponentially with the increase in length 
(lino, 1974). The initial rate of elongation depends on 
the urowthi conditions of the cells whereas the decrease in
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rate is little affected by growth conditions. The 
decrease in the rate of elongation seems to be correlated 
v/ith the lowering of the transportation efficiency of 
flagellin cn their passage from the cell body, through 
the central canal of the filaiTient to the tip.
Various workers have found that flagellated 
bacteria lose their filaments and motility at higher 
temperatures (Quadling and Stocker, 1956, 1962;
Marl^ iiiea and Gordee, 1965; McGroarty, Koffler and Smith, 
1975); on transferring the cells back to a lower growth 
temperature the flagella regenerate. If chloramphenicol • 
or penicillin are added before transference to the lower 
temperature protein synthesis and hence flagella 
synthesis is prevented; it is also found that the 
flagella from the parental cells remain, but dividing 
equally between the daughter cells at division (Quadling 
and Stocker, 1962; McGroarty et al., 1975).
In bacterial cultures,well synchronised in cell 
division and chromosome replication, the doubling rate of 
flagellar formation was found to correspond to the time 
of replication of the his Al gene (van Alstyne, Grant and 
Simon, 1969; Kondoh and Ozeki, 1975), the his operon is 
situated next to the structural gene for flagellin.
Several temperature sensitive mutants of E. coli which are 
defective in'DÎTA replication, such as fts~ and dna~~ are 
retarded-in flagellar formation at non-perrnissive 
temperatures (Nishimura, Suzuki and Eirota, 1975). These 
observations indicate that flagellar formation is coupled 
with DÎT A replication.
Martinez (1966) looked at the stability of 
messenger IdTA specific for flagellin using a mutant of 
Bacillus subtilis (trp~, ura"), stringent for RITA synthesis 
Under metabolite starvation up to 90# suppression of total 
RITA synthesis was observed but the incorporation of 
labelled amino acids into flagella appeared unaffected. 
Martinez inferred that messenger RITA for flagellin is 
stable for at least 60 minutes and also suggested that 
flagella are formed from a pool of intracellular flagellin. 
McClatcliy and Riclienberg (1967) drew the same conclusion 
in. actinomycin D treated cells of Salmonella typhirnurium.
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Contrary to the above reports Aamodt and Eisenstadt (1968) 
observed the absence of flagellin synthesis in 
tryptophanless nutants of Salmonella when ENA synthesis 
v/as reduced to less than 1# after tryptophan starvation 
and actinonycin D treatment. They concluded that the 
production of flagellar proteins requires the concomitant 
synthesis of ENA and found no evidence for a stable 
messenger ENA specific for flagellin synthesis. These 
authors attributed the difference from earlier reports to 
the difference in the degree of inhibition by actinomycin 
D.
Synthesis of flagella in E. coli is repressed b y ' 
growth in glucpse and a variety of metabolites (Adler and 
Terp]eton, 1967). This is called catabolic repression.
The repression could be reversed by the addition of cyclic 
AMP (c-ApIF) (Dobrogosv and Hamilton, 1971). Furthermore 
strains defective in adenylcyclase (cya~). or in the c-AIfP 
receptor protein (crp~) were unable to synthesise,flagella 
(Yokota and Gets, 1976). This suggested that c-AMP 
exercised its regulation of flagellar formation through 
the binding of c-AMP - CEP complex to the flagella genes 
to activate their expression. Mutants of E. coli with 
constitutive flagellar synthesis (cfs ) were isolated 
(Silverman and Simon, 1974c); this gene allowed flagellar 
synthesis in c,.a" and crp~ strains and in cells grovm ' 
under catabolite repression, it increased the number of 
flagella per cell by 2-3 fold, it allowed synthesis of 
flagella in cells grown at 42'^ C and it . allowed the '
intracellular synthesis of the hook subunit and hag gene 
components in cya~ and cry" strains. Tn Salmonella a 
nutation in fla T is similar to a cfs mutation (Komeda, 
Suzuki, Ishidu and lino, 1975). All this information is 
interpreted to moan that cfs defines a site at which a 
c-AMP - CEP CO!piex acts to activate the expression of 
efthe- fla I in S. coli o:" fla T in Salmonella. The fla I 
gene 'product' in E coli was found to be essential for the 
expression of a vai'iety of genes^including fla, mot, hag 
and cl^ (Silverman and Simon, 197""', 1977b; Silverman, 
Matsumura and Simon, 1976; Silverman, Matsumura, Draper, 
Edwards and 1976; Silverman, Matsumura, Eilmtn and
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Simon, 1977).
Several V/orkers suggesb that defects of the cell 
envelope affect flagellation (Ames, Spudich and Nikaido, 
1974; Ayusavja, loneda, Yam an e and Manio, ,.-1975; Kcmeda,
Icho and lino, 1977). Komeda e_t al. found tliat mutants 
üefrcrent in uridine diphosphate-glucose pyrophospliorylase 
activity could give motile revertants with a suppressor 
mutation in fla H. These strains formed swarms under 
catabolite repression and the intracellular c-AMP level 
was the same as the parental strain. This suggests that the 
outer membrane affects the flagellar formation through the 
fla H gene product.
Boeniger (1969"^  described the sequence of events 
during the cell cycle of Proteus mirabilis. Flagella were 
produced after an hour and increased to a peak after 
6 hours, then decreased in the number per cell. During 
this time the bacterial cells changed shape from short 
rods to elongated rods which were equipped with several 
thousand flagella and called swarriier cells. At the end of 
the cycle, t];<e swarmer cells shed the . flagella and revert 
to short rods. Lagenauer and Agabian (1973) looked at the 
formation of flagella during the cell cycle of Caulobacter 
creseentens, using synchronised cultures. Unassembled 
flagellin (27,COG molecular weight) was preferentially 
located in isolated membrane fractions whereas the
29,000 molecular weight flagellin was found in the 
membrane and cytoplasm. The synthesis of the hook protein 
begins before that of the fbgelliri although there is an 
appreciable overlap of the two processes. Initiation of 
filament assembly coincided with the association of 
newly synthesised hooks and flagellin subunits. Data 
suggests that the content of the two different flagellins 
changes along the length of the filament during growth.
Only filaments vrith 29,000 molecular weiglit flagellin are 
found in cells at the early swarmer stage but later both 
flagellins were found in approximately equal amounts.
The flagella were released from the cells into the 
medium at the end of the swarming stage.
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11. Genetics.
structural gene for flagellin, and phase variation.
The genetic control of flagellation in bacteria has
been studied most extensively in Salmonella using
transductional analysis. This genus exhibits a remarkable
variatroii of antigenicity, not only among the different
serotypes but also intraclonally; Andrewes (1922) termed
this phenomenon phase variation. Stocker, Tinder and
Lederberg (1953) demonstrated that two sets of multiple ■
alleles were involved which were later defined as the
structural genes for the phase 1 and phase 2 ""lagellins
y ^
respectively (lino arid Lederberg, 195-0* Gtocler (1949)
noted that the interchange between the two p’lases occurs
with a probability of 10“^- lO""' per bacterial division.
Phase variation has now been observed in many strains of
Salmonella (reviewed in Kauffman, 1964), in Bacillus 
' ^  '
pumil is (Koffler, Bui and Sonikuti, 1973) and. in a strain 
of cherichia co 1 i (Silverman and Sipton, 1974a). Multiple 
phases of 3 or 4 have also been reported in•Salmonella 
(Spicer and Bata, 1939; Fife, Edwards,Sakazaki, Nozawa 
and Mu rat a, i960; Edwar-ds, Sahasrdci and Kato, 19C2). lino 
(l9G2b) suggests that these may result from a duplication 
of one or other of the H genes, and monophasic variants 
(Edwards, Barnes and Babcock, 1930) by a loss of one of 
tlie H genes. lino (1954) proposed that phylogenetically 
the ^  gene originated by the duplication of the LI gone; 
this is supported by the fact that duplicate Li or ILI 
genes (lino, 1951c; Lederberg, 1951) have been found in 
Salmonella strains that are antigenically equivalent to 
that in the alternative phase and because certain 
sere by pic combinations such' as 1,2 can be found in both 
phases (Spicer and Datta-, 1939) •
Phase variation appears to result fro:;; the 
oscilbtion of the E2 locus between the active and inactive 
state (Lederberg and lino, 1935). If L2 is active the 
production of phase 1 flagella by L1_ is repressed; if L2 
is inactive phase 1 flagella are formed. Information on 
phase variation came with the discovery that abnormal 
flagellar antigen type recombinants which alternatively 
expressed phase 1 antigens of both donor and recipient
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on ^ transduction between two Salmonella strains (lino,
1961c); this was thought to arise by unequal recombination 
wliOro the H2 locus of the recipient was replaced by E1_ 
of the donor. lino (1961a) obtained cells that only 
expressed phase 1 and were non-flagellate for phase 2.
These experiments suggested that there was a regulatory 
factor closely linked to the FI gene, now called alN 
(III-activity controller) which switches on or off the 
gene activity of Ll^ . This was confirmed by transduction 
experiments. Ah1 HI cells become non-flagellate in phase 1 
(lino, 1962b). The ahl .allele may correspond to an operator 
negative state or a nonsense chain-terminating mutation 
in E1_ (Lederboi'g and lino, 1936; Fearce and Stocker, 1967). 
Transductional analysis of phase 1 monophasic mutants of 
Salmonella disclosed an activity controller, al^-ig, 
adjacent to E2 (lino, 1962c) and al2B2 was found to 
function in a similar way to ahlHI. Diphasic strains carry 
the all2' allele when phase 2 flagella are expressed; ah2" 
strains are stable in phase 1.
Other workers found that in monophasic strains of 
Salmonella the instability of the phase determinant is ' 
under the control of a chromosomal factor termed vh2 
(lino and Lederberg, 1937 and 1964). Replacement of vh2~^  
in a diphasic clone wit hi vh2~ causes the stabilisa bien 
of the existing state below 10"' per bacterial division. 
Klein (1964) proposed a model for the regulation of the 
IT2 state by the ah2 - vh2 system based on the idea that 
111 and B2 are separate opérons. This model was backed up
a.nà. XxTvxi ^
by lu jit a - Yam; guchi^ C^ 1975) and Enornoto (1975b) who 
isolated a repressor gene rlil v/hichi was found to be a 
constitutive of bhe E2ah2 operon. Here, ah2 controls the 
activity of but] H2 and rhil and is regarded as t};e operator 
gene. In ah2" mutants the ability of both phase 2 
flagellin synthesis and the inhibition of phase 1 flagellin 
synthesis are lost and the phenot^^pe of such a mutant 
becomes stable phase 1. R1.1 still remains'active and thus 
II-O variation is observed. In rhi mutants synthesis of 
both phase 1 and 2 flagellins proceed in phase 2 and 
flagellar filaments are composed of both types of 
flage11in (see figure 5)«
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Studies cn cell free systems for iii vitro protein 
synthesis directed by ENA of Salmonella (Suzuki and lino, 
1973) indicated that phase variation is due to the 
alternative synthesis of phi as e specific riessenger FNA end 
that rh 1 blocks the transcription o'^ the eh1F1 operon.
HJ -  operon H2 — operon
~  mRNA
H_2 all vh2 I ^
on
ÏL
DNAI Figure p. Dia'gram
^mRNA Of the F1 F2
1
(phase-2^
flagellin operon
P h a s e - I  ' - P h a s e - I  P h a s e - 2  S y s t c m .
f l a ge l l i n  repressor f l agel l in
lino. Couch.i and Firano (1973) lave found that the 
■ repression of ahlFI by rhi is not complete throughout 
the growth of phase 2 cells; temporary derepression of 
phase 1 flagellar formakion occurs in a fraction of the 
cells at late exponential and early stationary phase 
resulting in the formation of filaments composed of both 
phase 1 and 2 flagellin molecules. The duration of 
detectable la.:: ont copolymers on a cell hs of tie sn-c
order as the half-life of flagellin messenger ENA
(Suzuki, Enomoto and Eirota, 1975).
Recently it has been shovm that the inversion 
a segment vf FNA of about 900 base pairs (Zieg, Silverman, 
Filmen and Simon, 1977; Zieg, Filren and Simon, 1970; 
Silverman, Ziog, Filmic Simon, 1979; Silverman and 
Simon, 1980) around the E2 operon in Salmonella is 
responsible for the phase change. These authors suggest 
that the F2 gene is composed of about pOO base pairs, and 
a region of about pOO base pairs was necessaiy in tlie 
inversion process to change the phase. The 900 case pair 
region acts in a cis configuration to the F2 operon and 
the functional gene product (the h ^  gene product) has a - 
molecular weight of 19^000. Silverman, Zieg and Simon, 
(1979) have also isolated the gene product of rl\1, 
which has a molecular weight of 1b,000. Kutsukake and 
lino (1980) suggest that the yh2 gene acts in a trans 
configuration to the F2 gene; they also propose that genes, 
called djri, suppress the vh2~ allele in Galr.'onel]^ .
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Tn Salmonella E1 and F2 are located Tar enoug] 
apart on the chromosome to be transduced separately 
(Smith and Stocker, 1962; Mdkeld, 1964; Enonoto, 1GC6a).
El IS mapped broadly between his and tre genes, and El; 
between arc F and juir G genes (see Sanderson, 1972). 
Recombination.between Salmonella and Escherichia coli 
indicates that E. coli has only one F gene, called hag 
which is allelic to F^ and lacks an F2 counterpart; 
however, if H2 is introduced into E. coli cells, diphasic 
strains are produced which undergo phase variation 
(Mâkeld, 1964). is translocated either to the hag If-eus 
or jaore usually between str A and pur C genes (Enomoto, 
1975a,Enomoto and Stocker, 1973)• The structural gene for 
flagellin has also been found in Bacillus subtilis (Joys^  
and Frankel, 1967) and Pseudomonas aeruginosa (lino, 1969%)
Mutation causing the shape variation of flagella 
(Enomoto and lino, 1966) and the specific antigenicity of 
flagella (Joys and Stocker, 1965; lino and Mitani, 1 9 6 4 ;  
Yamaguchi and lino, 1969) are located within the H gene.
b. Fl ag e 11 ar ones.
Besides the phase specific regulator genes, other 
genes controlling flagellation have been found. The nrrl 
gene that controls the méthylation of lysine residues by- 
forming E-N-methyllysine was located near the Fl locus by 
Stocker, McDonough and Ambler (1961) and later positioned 
between Elahl and fla L (Eoroguchi, Yamaguchi, Yao, Taira 
and lino, 1973; Konno, Fujita, Eoroguchi and Yamaguchi,
19760.
other genes called fla genes, which regulate 
flagella formation were first described in non-motile
strains of Salmonella (Stocker, Zinder and Lederberg,\/ _ ■
1935). Fla cells characteristically lose their ability 
to form flagella. In Salmonella the fla mutations were 
analysed by abortive transduction and complementation 
analysis, and their respective positions were mapped on 
the chromosome (Gtocker et , 1933; Stocker, 19361); 
lino and Lederberg, 1937; lÿio and Enomoto, 1962; Joys 
and Stocker, 1965; lino, 1964; lino and Hitani, 1963; 
Enomoto, 1963; lino and .Enomoto, 1966; Yamaguchi and 
lino, 1967; Patterson-Delafield, Martinez, Stocker, and
Yairnguchi, 197r ; Vary and Stocker, 1975; Suzuki and lino, 
1573; Suzuki, lino, Yamaguchi and Fnroguchi, 1576.; lino, 
1977;.Suzuki, lino, Eoroguchi and Ya:aguchi, 1978). Most 
of the fla genes are situated near tliO TI1_ gene and near 
the hi^ operon but one group, the F group is not 
cetransduciole v/ith the H1_ gene and lies separate on the 
chromosome between the trj„- and aro E genes. Suzulci and 
lino (1973) have shov/n in all fl a mutants there is a 
complete absence of mRNA specific for flagellin synthesis, 
except in the fla G mutant where flagellin is synthesised 
but the molecules are not assembled into filaments. On the 
basis of electron microscope observations of fla" mutants, 
which produce incomplete flagella, Suzuki et aly (1978) 
have proposed a scheme whereby all the fla genes have been 
assigned a role in building up the whole flagellum. The 
early f]^ genes n a  _0, m ,  A I U , B, B, E, E m ,
Z S .7 Fl-...!. k FY, K and jd are essential for the formation of 
S ring, M ring and rod complexes bound to the membrane of 
the cell. The completion of the basal body requires the 
succeeding functions of fla FT, - m , "'h ' ^ 4, and .Em Next 
the formation of hooks attached to basal bodies proceeds 
by the function of fla FZ and (v.iiich controls the hook 
length). Flagella filaments appear at the tops of hooks 
by the functioning of fla L and genes and the structural 
genes for flagellin formation.
Fla genes have been observed in other bacteria, 
particularly E. coli where their positions on the 
chromosome have been mapped (Silverman and Simon, 1972, 
1973a, 1973b, 197»a, 197&-, 1977a; ITilnen,^
Silvernan and Simon, 19?.^!-; Kondoi and Ozeki, 197G; Koiiieda, 
Shimada and lino, 1977; Komeda, Silverman and Simon, 19^ 7, 
1978). Three groups of fla genes were found and called 
region I, II and HI. Regions H  and Z H  were close, 
together and are situated near-^ '-the tiag gene and lie 
between the zwf - uvrC and uv/"C - genes respectively. 
Region I was located separately betwreen the gal and trp 
genes. The fla I gene product appeared to be necessary for 
the synthesis of many other gene products and appeared to 
regulate the synthesis of flagellin; fla T^, K_ and E are 
concerned with the formation of the hook, the fla A gene 
product seems to have a dual function and mutant cells
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eioher lack ilagella entirely or a:re non. cl.enotactic.
The basal complexes wore resolved into 15 distinct 
polypeptide components (Hilmen and Gimon, Gilverman
and oiiiion, 1977a), they include the hook protein with an 
apparent molecular weight of 42,000 and 12 others with 
Aolecular weights ranging from 9,000 - 74,000. Each of the 
specific polyp)eptides will be associated w:ith a specific 
gene that regulates its formation, but a complete picture 
IS nor yet available. Five of these polypeptides, including 
the hook polypeptide, are controlled by genes^that map in 
region I (Matsumura, Silverman and Simon, 1(77)«
it is clear from a comparison r-f the genetic maps 
of Salmonella .and E. coli that tliere is a great deal of 
homology between them. The f]^ B, C, P, K, M, R and
T genes in Salmonella are equivalent to fla _C, R, jl, T),
G_, E and 2 respectively, in E. coli (lino, 1977).
Other bacteria containing identifiable fla genes are
Shigella d;y senteriae which was found by coM%)l ement at ion
analysis to contain part of fla cluster as in Oalmonella
but the largest cluster near his was deleted (Enomoto and' ' ' ✓
.Stocker, 1974); Joys and Frankel(1967) reported fla genes 
in B. subtilis; ippelbaum and Prozecky (1975) reported f 
fla genes in Proteus mirabilis ; 10 fla genes^ were 
detected in I seudornonas aeruginosa (lino, 1977); 27 fla 
conpleii entation groups were si own in Caulobacter creseentens 
(Johnson and Ely, 1979).
c. Motility genes.
Motility genes have been isolated and studied 
particularly i.n E. coli and Ceil mon ell a. Two c.£strons^have 
been disclosed for both bacteria (Enomoto, 1962, l9G6a, 
l9GGb; Silverman, Matsumura and Simon, 197G; Silverman and 
Simon, 1976 ). In E. coli the mot 1 and mot B genes 
together with che A. are fmmd in an operon termed Mocha 
(Silverman and Simon, 1976..) . Neither electron 
microscopy of the basal coi'ponents or .GDG polyacr'ÿlamide 
gel electrophoresis.of their component proteins could 
detect differences between mot* and not" cells (Hilmen and 
Bimon, 1976). Silverman ak al. (197G) and Silverman and 
Simon (1976 9 have determined the gene products of mot A
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and mot B to be proteins v/ith molecular weights of
51,000 and 59,000 respectively, and it is suggested that 
they function as a structural complex together (Enomoto, 
1966a, 1966b; Armstrong and Adler, 196?). They ore thought
to be involved in the machinery for supplying energy for 
rotation of the flagellar motor. A third mot cistron, 
mot C v/as reported in Salmonella but was later found to be 
identical^ with fla AIX (Yamaguchi, lino, Foroguchi and 
Ohta, 1972).
d. Chemotaxis æenes..
Genes controlling the cheraotactic response of 
bacteria have been isolated. Some non-chemotactic strains 
cannot tumble while others tumble incessantly (Vary and 
Stocker, 1973; Aswad and Koshland, 1973; Collins and 
Stocker, 1976; Parkinson, 1976; Farrick, Taylor and 
Koshland, 1977)- In E. coli eight che genes have been 
defined and mapped on the chromosome (Armstrong and 
Adler, 1969a, 1969b; Parkinson, 1976; Silverman and Simon, 
1977b) and in Salmonella nine che genes have been defined 
(Aswad and Koshland, 1973; Collins and Stocker, 1976; 
Warrick et al., 1977) ; tlve chemotaxis transducer genes tar, 
tsr and try (or methyl accepting chemotaxis proteins), 
v/liich have been particularly defined for E, coli, are 
included as they were originally termed che genes (Ordal 
and Adler, 1974; Springer, Goy and Adler, 197V1>; Silvernan 
and Simon, 1977^, 1977%)- Other genes involved in 
chemota::is ai'e the chemoreceptor binding proteins which 
allow the cell to detect changes in the external chemical 
environment (see Parkinson, 1977)-
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Aims of the research.
The aim of this study was to broaAcn the knowledge 
of bacterial flagellar filaments; in particul.ar:-
1)to investigate filament surface structures from a wide 
range of bacterial genera in order to compare them with 
the variety of morphotypes observed for Escherichia-coli 
(see lawn, Orskov and Grskov, 1977).
2)to attempt the interconversion of filament surface 
structure morphotypes of Escherichia coli from one type 
to another.
5)to gain information on the conformation and bonding 
of subunits in normal filaments, and to investigate the 
basis of polymorphic variation observed in flagellar shape 
■ lutants-
4)to study possible evolutionary relationships between 
bacteria by comparing amino acid sequences and compositions 
of flagellins. Presumably certain regions are conserved, 
being required for the correct interaction of subunits to 
form functional filaments, whereas other regions are 
largely variable in size and composition, allowing for 
antigenic variation.
3)to investigate the detailed basis of antigenic 
variation and to study the ability of flagellins to cross- 
react with antiflagellin sera where no 'K' antigenic 
reaction has been detected previously.
6)to investigate possible evolutionary relationships 
between bacteria by copolymerisation of their flagellins.
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MATERIALS AND METHODS
A. Materials.
1. Bacterial culture.
Salmonella strains were obtained from the 
collection of Professor B.A.D. Stocker of the Department 
of Medical Microbiology, Stanford University, California, 
U.S.A.; Erwinia carotovora from the Botany Department, 
Imperial College, London SW7, England; Escherichia coli 
K12 (Hfr-H) and Bacillus subtilis 168 from Professor 
W. Hayes; all other strains from the National Collections 
indicated by their culture numbers.
2. Chemicals.
All reagents used were of analytical grade. 
The source of commercially purified proteins used in 
these investigations were:-
Bovine serum albumin, oval­
bumin, lactoglobulin (from 
bovine milk), trypsinogen 
(from bovine pancreas) and 
lysozyme (from egg-white).
Catalase and cytochrome C
Trypsin
Thermolysin 
Carboxypeptidase A
Carboxypeptidase B
Sigma, Poole, Dorset, Eng­
land; from protein calib­
ration kit for sodium 
dodecyl sulphate (SB'S) 
polyacrylamide gel 
electrophoresis.
Boehringer; from protein 
calibration kit for SDS 
gel electrophoresis.
Sigma; Biphenyl carbamyl 
chloride treated. Prom 
bovine pancreas.
Calbiochem; A grade, 
x$ crystallised.
Sigma; Di-isopropyl 
phosphofluoridate (DPP) 
treated. Prom bovine 
pancreas.
Sigma; DPP treated. Prom 
hog pancreas.
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B. Methods.
1 - Growth of bacteria.
a .  S t o c k  c u l t u re s .
Stock cultures of the organisms used were 
maintained on nutrient broth agar (NBA) in 2x4 cm screw- 
capped Bijou bottles. This medium, consisting of 2.5#
’Lab M ’ nutrient broth No. 2 and 1.2# 'Lab M ’ agar No. 2, 
was autoclaved at 121*0 for fifteen minutes. The cultures 
were stored at 20*0 and subcultured regularly.
Cultures in regular use were also maintained on 
NBA (medium constituents as above) plate cultures. Cells 
were streaked on the surface of the plates with a platinum 
loop, to obtain single colonies of cells after incubation 
at 25*0 overnight.
b. Selection of motile organisms.
i. Edward's semi-solid medium.
Edward's semi-solid medium was used to select
motile Salmonella cells. The medium consisted of 8#
'Lab M' gelatin, 0.55# 'Lab M' No. 2 agar, 1# 'Lab M' 
bacteriological peptone and 0.5# sodium chloride. The 
constituents were dissolved by'steaming respectively in 
7/10ths, 1/10th, 1/10th and 1/10th of the quantity of 
distilled water, added together and autoclaved at 121*0 
for fifteen minutes. The medium, when molten, was poured 
into plates for subsequent use.
Highly motile cells were selected by their 
ability to swarm from a central inoculation on a plate 
culture. Sometimes several passages through this medium 
were needed to obtain well flagellated cells.
ii. Soft agar medium.
Most other genera of bacteria were allowed to 
swarm out from a central -inoculation on plate cultures 
of a soft NBA medium, consisting of 2.5# 'Lab M' nutrient 
broth No. 2 and 0.25# 'Lab M ’ agar No 2, autoclaved at 
12l*c for fifteen minutes.
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Proteus species were allowed to swarm on an NBA 
medium containing 0.8% 'Lab M ’ agar No.2.
Again, sometimes several passages of cultures 
through the medium were needed to obtain well flagellated 
cells.
2. Preparation and purification of flagella,
a. Growth of bacteria in trays.
Highly motile organisms were grown on an 
enriched agar medium of the following composition:-
tryptone 0.75%
acid caesin hydrolysate 0.58%
yeast extract 0.58%
'Lab M' agar No.2 1.25%
glycerol 0.58% (v/v)
sodium lactate 0.75% (v/v)
the constituents being dissolved in distilled water. 
Routinely 8 litres of this medium were made up, and 4- 
litres were dispersed into two 5 litre conical flasks 
and autoclaved at 121*0 for 50 minutes. The medium, when 
sufficiently cool, was poured into twenty lidded steel 
trays, 25x25x5 cm., and allowed to set.
The selected motile cells were grown overnight 
in nutrient broth ('Lab M ' No.2, 2.5%) at either 57 or 
25"G. After the cultures had been assessed for motility 
with a light microscope, about 5nil- of the culture was 
spread with a sterile glass spreader over the surface of 
each tray of enriched agar. The trays were incubated 
either overnight at 57*0 or for 2-5 days at 25 0.
To harvest the trays, about 10ml. of 0.85% 
saline was added to each tray and the growth scraped from 
the surface of the agar with a glass spreader. The 
resulting suspension was blended in an MSE blender 
(Measuring and Scientific Equipment), for 1/2 minute to 
remove the flagella from the bacterial body (Stocker and 
Campbell 1959). The flagella were separated from the cells 
by centrifugation in an MSE 18 high speed centrifuge at 
10,OOOg ' (9,000 rpm) for 4-5 minutes. All centrifugations 
were routinely carried out at 10 C.
76
b. Purification of flagella.
The supernatant containing the suspended 
flagella was centrifuged at 55,OOOg (17,000 rpm) for two
periods of 1 hour in the MSE 18 centrifuge. The pellets, 
which appeared as gelatinous clear halos, often with a 
darker centre-bottom of extraneous material, were soaked 
in distilled water at 4^0 overnight. Continual differ­
ential centrifugation was occasionally used to purify 
the flagella.
Flagella suspensions were taken to pH 2 by 
careful dropwise addition of 1M HCl. Some bacterial 
flagella could not be purified by this method as they 
precipitated at a low pH. These flagella were normally 
depolymerised by heating the solutions for 15 minutes, 
then cooling rapidly under running water.
The remaining insoluble material was removed 
by centrifugation at 55,OOOg for 1 hour. The clear 
solution of flagellin, obtained from acid treated 
solutions, was neutralised by the dropwise addition of 
1M NaOH and brought to 70% saturation with respect to 
(NHq.)2S0q.. Centrifugation at- 55,OOOg for 4-5 minutes 
sedimented the flocculent white precipitate. This 
precipitate was dissolved in a minimal amount of dis­
tilled water to give an opalescent solution. The 
solution was dialysed for 15-24 hours at 4®C against at 
least four changes of a litre of distilled water.
c. Storage of purified repolymerise^  flagellin samples.
The purified repolymerised flagellin samples 
were either stored at -10°C if required later in solution 
form, or freeze dried. For freeze drying, samples were 
placed in 'Quick Fit' flasks, attached to a freeze drying 
apparatus (Birchover Instruments) and left until com­
pletely dry. The resulting fluffy protein was soored at 
20°C in small tight-fitting capped containers.
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3. Microscopy.
a. Light microscopy.
i. Preparation of washed bacterial cells.
Bacterial cells selected for motility were grown 
in nutrient broth ('Lab M ' No 2, 2.5%) overnight at 25*0. 
The cells were centrifuged in an MSE bench centrifuge at 
5,OOOg (7,000 rpm), then washed in 0.85% saline and 
re-suspended in 2 ml of saline. The resulting suspension 
was diluted about 100 fold with saline for flagellar 
staining.
ii. Flagellar staining.
The method of Leifson (I960) was used. The stain 
contains the following constituents :-
basic fuchsine in industrial methylated
spirits (IMS) 1.2% 
aqueous tannic acid 3.0%
aqueous sodium chloride 1.5%
These constituents were, mixed just before use in 
a 1:1:1 ratio. The tannic acid solution was usually made 
up fresh before use.
Bacterial smears were prepared on slides, cleaned 
for several days in freshly made chromic acid and then 
washed thoroughly with water and kept under alcohol 
before use. Such slides, when flamed and cooled, allowed 
a drop of bacterial suspension to spread evenly over the 
surface. The slides were allowed to dry at room 
temperature.
The slides were stained in a staining rack over a 
sink. The stain was pipetted over the smear, left for 
10-15 minutes, washed off under tap water and the slide 
was allowed to dry.
Stained cells were examined under oil immersion 
using a Vickers light microscope.
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b . Transmission electron microscopy.
i. Preparation of bacterial cells.
Bacterial cells, selected for motility, were 
prepared as for light microscopy, except that., after 
being washed, the cells were resuspended in a minimal 
amount of saline to give a concentrated suspension. In 
addition, cells were generally fixed with either 
formaldehyde (40% v/v ) or gluteraldehyde (25% w/v ) 
to give a final concentration of 0.5-1.0% and 1.0-2.5% 
respectively. The fixative was added directly to the 
cells in nutrient broth and was left for 2-16 hours 
before proceeding further.
ii. Staining and observation of flagella.
Specimens were negatively stained on copper grids 
covered with a carbon-coated formVar membrane. The 
negative contrast stains used were:-
aqueous uranylacetate 0.5% (w/v) pH 4-5 (unbuffered), 
potassium phosphotungstate 1% (w/v) pH ?.4 in 0.01M
potassium phosphate buffer.
A drop of the preparation to be examined was 
placed on the grid and the excess removed'.with filter 
paper. This was- followed by a drop of stain, applied 
and the excess removed in a similar manner.
Specimens were examined in either an AEI-6B or an 
AEI-Corinth 2/5 electron microscope at 60 or 80 K'V.
c. Scanning electron microscopy.
Bacterial cells were prepared as for transmission 
electron microscopy. Samples were placed on to 15nim 
diameter coverslips, sometimes coated with a thin, air- 
dried film of 0.1% bovine serum albumin, and passed 
through a series of either acetone or ethanol, graded up 
to 100%. They were critical point dried using a Polaron 
CO2 type instrument, shadowed with gold and examined 
with the aid of a Cambridge 84-10 Stereoscan electron 
microscope.
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4. The induction and selection of non­
swarming and revertant mutants.
Single colonies of bacterial cells, isolated from 
stock cultures were grown in nutrient broth overnight at 
57*0. A few drops of culture were transferred to fresh 
tubes of 2ml of nutrient broth and placed in a water bath 
at 5 7 for 1 hour. A mutagenic agent was added. The 
most commonly used was ethyl-methane-sulphonate :
5-4 drops were added directly to the broth cultures, 
using a sterile Pasteur pipette. This forms an immiscible 
globule, which, on vigorous shaking of the cultures, is 
solubilised. Other mutagenic agents used included freshly 
prepared nitrosoguanidine (Koch Light Labs, Colnbrook, 
Bucks, England) in solution (1mg/ml) and nitrous acid 
(composed of 1ml of 0.05M NaNO^ and 1ml of 0 ,1M sodium 
acetate buffer pH 4.5). 5-4 drops and 1ml of the respect­
ive agents were added to 2m1 of overnight broth cultures, 
resuspended in 2m1 of 0.85% saline. Cultures, treated 
with mutagenic agents, were incubated in a water bath at 
57°C for 50 minutes; a few drops were transferred 
\ aseptically to fresh tubes of nutrient broth, grown up 
at 57*0 overnight and diluted in 0.85% saline. A drop 
(0.04ml) from a suitable dilution was placed in the 
centre of a chilled plate of Edward’s semi-solid medium 
or soft nutrient agar (0 .25% agar), spread over the 
surface with a flamed glass spreader and incubated over­
night at 25*0 .
Colonies, selected from these plates for their 
lack of ability to swarm through the medium after incub­
ation, were grown up in nutrient broth and streaked out 
on nutrient agar plates (1.2% agar). Single colonies 
isolated were examined initially by light microscopy, then 
by electron microscopy.
Sometimes, even when the mutagen was not added, 
the occurrence of spontaneous non-swarming mutants was 
observed.
Revertants were isolated as well as forward 
mutations, whereby a non-swarming mutant was treated with 
mutagen, as described, and selected from soft agar plates 
for its ability to swarm through the agar medium.
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5. Preparation of antigens emd antisera.
a. Preparation of antigens.
Initially flagella ('H’) antigens were prepared 
from purified (by repeated differential centrifugation) 
flagellar pellet material redissolved in 0.85% saline. 40% 
formaldehyde solution was added to required amounts of the 
samples to give a final concentration of 2% formaldehyde.
The flagella material was centrifuged, washed and redissolvc' 
in saline.
Later somatic (’O’) and flagellar ('H’) antigens 
were prepared according to the-method of Edwards and 
Ewing (1972)
’H ’ antigens - Highly motile bacterial cells grown 
in nutrient broth were centrifuged in an MSE bench 
centrifuge, washed and resuspended in 0.85% saline. To the 
suspension was added 40% formaldehyde to give a final 
concentration of 2%. This was left overnight at 57^0 then 
the cells were centrifuged and resuspended in saline.
'0’ antigens - Bacterial cells grown on the surface 
of nutrient agar plates (1,2% agar) were scraped off with 
a flamed glass spreader into about 5 ml of 0.85% saline.
The suspensions were then steamed for 2-J hours.
For the production of combined ’H’ and 'O’ antisera 
an equal mixture of ’H ’ and ’0’ antigens, prepared as 
described above, v;as used.
Flagellin, used as an antigen, was prepared directly 
from acid treated flagella material in 0.85% saline and at 
neutral pH.
Sterility checks of the antigen preparations were 
made before injecting them into rabbits by spreading about
0.1 ml onto nutrient agar plates. The plates were incubated 
at 25°0 for two days. If any bacterial colonies grew 
within this time period the respective antigen preparation 
procedure was repeated.
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b. Production of antisera.
i. Injection of rabbits and collection of serum.
New Zealand V/hite or Dutch male rabbits were used for 
the production of antibodies.
Method 1 5 mg/ml suspension of antigens were injected in 
the following amounts into the rabbits:- 0.2 ml intravenously 
in the marginal ear vein; 0,3 ml subcutaneously behind 
the neck; 0 .0 3 ml into each foot pad (under anaesthetic).
3-4 subsequent injections were made in a similar manner 
(except into the foot pads) at weekly intervals before the 
animals were bled from the marginal ear vein 1-2 weeks 
after the last injection. Occasionally the antigens were 
mixed with equal volumes of either a 1% suspension of 
potash of alum or Freunds incomplete adjuvant before 
injection, to aid antibody production.
Method 2 :- Rabbits were injected subcutaneously in the 
back with ’O', ’N ’ or a mixture of ’0' and ’H ’ antigens.
3 doses were given with an interval of 4-3 days between 
injections. The doses were 1 ml each for the first and 
second injections, 2 ml for the third injection and 4 ml 
each for the fourth and fifth injections. The animals were 
bled from the marginal ear vein 6-2 days after the last 
injection.
Method 2 was latterly used in preference to Method 1.
After the animals were bled the straw coloured 
serum was decanted from the blood clot into screw-capped 
bijou bottles and stored at -10°C.
In a.11 cases control serum samples were collected 
before the animals were injected.
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ii. Routine checks of antisera.
"Rinr: test" for soluble antigens.
A few drops of antiserum were placed in Durham 
tubes and a series of serial dilutions of the antigen 
were carefully layered on the surface. The tubes were 
left for 2-3 hours at 20^0. The tube where a precipitate 
line first formed at the interface of antigen and 
antiserum when going from the highest dilution to the 
lowest dilution of antigen could be taken as the antiserum 
titre value.
Slide agglutination.
A drop of antiserum dilution was placed on a clean 
microscope slide and a drop of concentrated ‘O' or 'H' 
prepared cells (as described for antigen preparation) 
added. The microscope slide was rocked from side to side 
and after 2-15 minutes if the reaction was positive, 
agglutination could be observed. For a positive result, 
a more granular appearance was seen with 'O' antigens than 
with 'H' antigens. The titre of an antiserum could be 
taken as the last dilution of antiserum, to show 
agglutination, when &ixed with its corresponding antigen.
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6. A method for the selection of altered filament 
surface structure.
Undiluted antiflagellar serum was pipetted 
aseptically into sterile petri dishes. Molten soft nutrient 
agar (0.25% agar) at 45°C was carefully added and mixed 
with the antiserum. The final concentration of antiserum 
was about 5 times the titre value. The plates were not used 
until the agar surface was dry.
Bacteria from broth cultures of single cell origin 
were streaked with a flamed platinum loop in a line across 
the centre of the plates and left at 25^0 for 2-5 days. 
During this time a concentration of growth along the central 
line was observed with perhaps small swarms of cells 
radiating out from the central line. The swarming cells were 
subcultured, checked serologically and examined under the 
electron microscope for changes in their surface structure.
Before inoculation of the cells onto the surface 
of the agar medium, treatment with a mutagenic agent (as 
described) was sometimes conducted.
Cells isolated as swarming in the above process but 
without any resultant alteration in surface structure were 
sometimes streaked onto the soft nutrient agar plates 
again, which contained a higher concentration of antiserum. 
Swarming cells were isolated as before.
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7' Ouchterlony double diffusion r;els«
The agar median used for Ouchterlony gels had the 
following constituents:-
purified agar (Oxoid) 1#
sodium azide
sodium chloride' 0.85#
The constituents were dissolved in distilled water 
and autoclaved at 121^0 for 15 minutes. 1 ml of a 0.21 
(w/v) solution of trypan blue was added per 200 ml of the 
molten agar and 10 ml amounts were pipetted into glass petrJ 
dishes (5 cm diameter). The inside surface of the petri 
dishes had been coated with "replicote" (Hopkins and 
Williams, Chadwell Heath, Essex, England) which prevents 
the spread of liquids across the surface of the dish 
underneath the agar, hhen the medium had set, wells were cut 
in the agar with a Shandon well cutting tool as shov/n in 
Figure
wel I 
d i a m e t e r  
= 5 mm
•75 cm
'75cm
5 cm
Figure 4 Diagram to show the arrangement of wells cut in 
the gel medium for Ouchterlony diffusion plates.
In the centre well was placed undiluted antiserum 
and in the peripheral wells were placed polymerised 
flagella or flagellin samples. The wells were filled 
carefully and left at 25^0 for 1;r5 days. For a positive 
reaction, a precipitate line could be seen in the gel as 
antibodies and the test material interacted.
Protein samples were prepared from flagella material 
purified by centrifugation and from flagellin prepared by 
acid disaggregated flagella material. The protein was 
assayed using the Folin-Doinry method (Lowry, Kosebrough,
Farr and Randall 1951) (see later).
85#
8. Polyaery1amide gel electrophoresis.
a. pH 2^7 system.
This system was used for routine checks of the 
purity of the flagellar proteins and fragments. The method 
of Parish and Ada (1989) was followed.
Gels were made up containing a final concentration 
of 6 M urea in buffer pF 2.7. The gel solution was 
incubated at 57^0 for $0 minutes before use to allow for the 
gels to set, as cross-polymerisation of the acrylamide 
occurred. N,N,N',N', - tetramethyl ethylene diamine (TEMED) 
and ammonium persulphate were the initiating agents of 
polymerisation. Gels containing 7-5# acrylamide were 
normally used though 10# and 12.5# were used on occasions.
The running buffer (pH 2.7) contained 34 mis 
glacial acetic and 0.42 g KOH, made up to 1 litre with 
distilled water.
30-150 mg samples in 50# glycerol and methyl green 
were applied to the surface of the gels. The gel tubes 
were run on a Shandon Analytical Polyacrylamide 
Electrophoresis Apparatus (ISAE 2734) and a Shandon Vokam 
constant voltage/constant current D.C. power supply was 
adjusted to deliver 3 mA to each running tube. The gels were 
generally run for 1.5-2 hours, then removed from'their 
running tubes with a water-filled syringe. Gels were 
stained in Coomassie brilliant blue (0.-25# (w/v) in 454 ml 
of 50# methanol and 46 ml of glacial acetic, filtered 
before use) for about 30 minutes, then destained for 
several days in a solution containing 7-5# glacial acetic 
acid, 5# methanol, preferably in subdued light.
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b. pH 8.5 system.
The method of Laemmli (1970) was followed. Gels 
were made up in Tris HCl buffer pH.8.5 and in either 
sodium dodecyl sulphate (SDS) or urea. Molecular weight 
determinations were run on SDS gels and the purity of 
flagella samples were checked on urea gels (final 
concentrations of 6 M urea). TEMED and ammonium persulphate 
were the initiating agents of polymerisation. Gels 
containing 10#, 12,5#, 15# and 20# acrylamide were used;
10# and 15# being used most commonly for flagellar proteins 
and fragments respectively.
The running buffer had the following constituents :- 
3.0 g Tris 
14.4 g glycine 
±0.10 SDS
made up to 1 litre with distilled water and 
adjusted to pH 8,5 by the dropwise addition of 5 M HCl.
30-150 /ug samples in 50# glycerol containing 
bromophenol blue were heated for 3 minutes in a boiling 
water bath, cooled under running tap water and applied to 
the surface of the gels. The marker proteins used for SDS 
gels were bovine serum albumin, catalase, ovalbumin, 
trypsinogen, lactoglobulin, lysozyme and cytochrome C. To 
samples containing the marker proteins 1 drop of 
mercaptoethanol was added. 30-50 Ag of each marker protein 
was applied to a gel except for catalase where double the 
quantity was required.
The gels were run as described for the pH 2.7 
system for 1-1.5 hours. V/hen the run was complete the gels 
were removed and the dye front marked with fine steel wire. 
Staining and destaining procedures were as described. The 
extent of migration of the protein bands and of the 
bromophenol blue front were measured against a centimetre 
scale on white paper. The results were expressed as the 
distance of migration of the protein (DPM) relative to the 
migration of the dye marker (DDM), - DPM/DDM. .
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9. Quantitative amino acid analysis.
a. Hydrolysis of samples.
About 1 mg of freeze dried protein was placed in a 
glass hydrolysis tube 15 x 0.75 cm with a partly drawn out 
neck, and 0.5 ml of 6 N HCL added- 'The tubes were 
evacuated using a water pump, the neck drawn out and sealed 
in a flame. The samples were heated at 110°C and removed 
after periods of 16-24 hours. Acid was removed ir, vacuo 
over FgO^ and NaOH pellets, or by using a rotary evaporator, 
and the samples were redissolved in 1 ml of 0.2 H citrate 
buffer pH 2.2. Samples were stored at -10^0 and were 
usually diluted 10-20 fold in citrate buffer before analysis.
b . Quantitative automated analysis of amino acids.
1 ml samples were applied to an automatic amino 
acid analyser (LKB 4101-210, LIvB Biochrom Ltd., Science 
Park, Cambridge, England.) such that 50-100 p-g of protein 
were analysed, or from 1-50 nmoles per amino acid residue, 
and analysed in principle according to the method of 
Spackman, Stein and Moore (1950).
The amino acid analyser incorporated a prewash 
column containing LICE prewash resin and an ion exchange 
resin column (internal width 6 ram, length 37 cm) which 
held LKB Ultropac II resin. Various buffers were used to 
elute the amino acids from the ion exchange resin column; 
details of their composition and running times are as 
follows :-
Phase Buffer composition Running time
Buffer A - 0.2 N sodium citrate pH 3.25 10 rains
Buffer B - 0.2 N sodium citrate pH 4.25 40 mins
Buffer Cyj - 1.2 N sodium citrate pH 6,45 70 mins
Buffer Cg - 0.35 N sodium citrate pH 5*28 3i hours
Regeneration - 0.4 M.NaOH 10 mins
Equilibration- Buffer A 45 mins
sa
Buffer Cg was used as an alternative to buffer 
when the detection of E-N-niethyllysine separate from lysine 
was required. The ion exchange resin column was surrounded 
by a water jacket. The column was maintained at 55°C for 
40 minutes, then the temperature rose to 70^0 until the 
end of the regeneration phase and dropped to 55^0 during 
the equilibration phase.
The amino acids were detected with ninhydrin 
solution passing through a boiling water bath and through 
a spectrophotometer. The spectrophotometer was linked to a 
W + V/ 2 channel chart recorder (model $02) which recorded 
the changes in absorbance of light at wavelengths of 
44-0 nm and 370 nm. The ninhydrin solution had the 
following constituents per litre:-
ethane-1,2-diol 700 mis
ninhydrin 10 g
4 H sodium acetate buffer pH 3.31 $00 mis
SnClg 0.2 g
The total flow rate was 73 ml per hour (50 ml/h 
of buffer; 23 ml/li of ninhydrin).
Each s8L''.ple analysed was compared to a standard 
sample of amino acids containing 23 nmoles of each 
amino acid.
c. E-N-methyllysine detection.
Flagellar samples were hydrolysed as described and 
detection of S-li-methyllysine (Nî-TL) was either by 
quantitative amino acid analysis using the amino acid 
analyser or by electrophoresis. For electrophoresis, samples 
were redissolved in 1 ml of distilled water after 
removing acid subsequent to hydrolysis. Samples were 
spotted with a micropipette onto V/hatman $MM Chroma paper 
(2$ X 51 cm). The origin was placed 13 cm from the anode 
and -after carefully wetting the paper with pH 3.5 buffer it 
was subjected to electrophoresis at 3 KV for 1? hours in 
a Shandon high voltage flat bed electrophoresis tank 
(Shandon Southern Instruments Ltd., Runcorn, Cheshire, 
England) A control NEE positive hydrolysate was used for
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comparison. The electrophoresis buffer contained pyridine: 
acetic acid: water (1:10:100 v/v) at pH 3 .3 .
The paper when thoroughly dried was dipped in 0.2# 
ninhydrin in acetone, dried and heated over a bunsen 
burner shielded by a tripod and gauze. The 
electrophoretogram was left to develop overnight away from 
direct light.
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10. Carboxypeptidase A and B digestion.
y
The method of Ambler (1972) was followed with 
slight modifications. Carboxypeptidase A was prepared 
immediately before use by washing the crystals with 
distilled water and dissolving them in 10# LiCl solution. 
This was done to remove any extraneous amino acids from 
the enzyme. Both carboxypeptidase A and B were treated with 
di-isopropyl-phosphofluoridate (DFP) which inhibits the 
activity of other pancreatic proteases, especially 
chymotrypsin.
5 mg amounts of protein were dissolved in either
0.2 M N-ethyl morpholine acetate buffer pH 8.8 or 0-05 M 
KH^HCO^, heated in a boiling water bath for 2 minutes, 
rapidly cooled then dialysed against either 0.2 M N-ethyl 
morpholine acetate buffer or distilled water respectively, 
to remove any contaminating amino acids from the protein. 
Carboxypeptidase A and B were added in the ratio of 
1 :50-100 (w/w) of enzyme to substrate and the reaction 
allowed to proceed between 0-24 hrs. To terminate the 
reaction 0.1-0.2 ml samples were removed and made up to 
1 ml with ice cold 0.2 N sodium citrate buffer pE 2.2.
These samples were either stored at -10 C or applied 
directly to the amino acid analyser for quantitative 
amino acid analysis.
In order to test for the presence of glutamine or 
asparagine samples were taken after enzyme treatment and 
4 volumes of acetone were added to terminate the reaction 
and to precipitate undigested protein material. The 
precipitate was removed by centrifugation and the 
supernatant - evaporated to dryness. The dried film was taken 
up in 0,5 ml of 2 N HCl sealed in a hydrolysis tube under 
vacuum and heated to 110°C for 3-5 hours. Acid was removed 
in vacuo over P^Or and NaOH pellets and the sample was
dissolved in 1 ml of 0.2 N sodium citrate buffer pH 2.2 
before either being stor 
the amino acid analyser.
ed at -10^0 or applied directly to
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'^ 11. End group analysis using dansyl chloride,
a. Dansylation.
»/■
The method of Gray (1972) was followed for 
dansylation. 50-250 mg of protein, placed in a glass tube 
(cleaned by heating to 500°C overnight), was dissolved by 
adding 50 /j-1 of 1# SD*S, heating in a boiling water bath for 
2 minutes and cooling rapidly. 50 >^ 1 of N-ethyl morpholine 
was then added. 73 /^ 1 of a 23 mg/ml solution of dansyl 
chloride ( 1 dimethylai'.iinonaphthalene-5-sulphonyl-chloride 
(DNS-Cl)) in anhydrous dimethyl formamide was mixed 
thoroughly with the sample, the tube covered with Parafilm 
and incubated at 57^0 for 1 hour. During this time the % 
solution became almost colourless due to the hydrolysis of 
excess reagent to the sulphonic acid (DNS-OH). The 
labelled protein was precipitated by adding 0.3 ml of 
acetone. Sometimes the precipitate took a while to form so 
samples were often left overnight in tubes covered with 
Parafilm at 4°C. The precipitate was centrifuged, washed 
with acetone and dried igi vacuo over P^O^. The dried residue 
was redissolved in 100 /j^l of 5 N HCl and hydrolysed 
overnight at 110^0 in hydrolysis tubes sealed under 
vacuum- The tubes were opened and dried down over PgO^ 
and NaOE pellets ini vacuo. The dansylated amino acids were 
extracted from a mixture of NaCl, DNS-OH, dansylarcide 
(DNS-NH^) and the dansyl amino acids by adding two lots of 
100 m 2, of the top phase of an ethyl acetate/water mixture. 
The extracted material was dried down in vacuo over P^O^
and taken up in 20 julL of an acetone/acetic acid mixture 
(ratio 5*2).
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b. Identification of dansyl amino acids.
i. Thin layer chromatography.
Thin layer chromatography was used to identify 
dansyl amino acids (see Woods and Wang,1967; Weiner, Platt 
and Weber, 1972). Polyamide sheets (15 x 15 cm) coated on 
both sides, were obtained from BDH Chemicals Ltd., Poole, 
Dorset, .England. These sheets were cut with scissors to 
each give nine sheets of 5 x 5 cm. Samples v/ere"applied 
5 mm from one corner with a micropipette. The sample spots 
were not allowed to exceed 2 mm diameter. The spots were 
dried in a hot air stream between each application.
Standards containing knovm amino acids were spotted on the 
other side of the plate.
The running solvents were:-
solvent 1 water:formic acid 98.5*1-5 
solvent 2 benzene : acetic acid 9:1
solvent 5 ethylacetate: methanol: acetic acid 20:1:1
Solvents were stored in tightly capped bottles at 
room temperature. Chromatography was performed in 200 ml 
screw capped jars. Plates were run in solvent 1 by ascending 
chromatography then turned through 90° angle and run in 
solvents 2 and p. The plates were air dried after each run' .and  
examined with a short wave ultra violet lamp.
ii. Electrophoresis.
Samples were spotted with a micropipette onto 
V.hatman 5 MM Chroma paper (23 x 61 cm). The origin was placed 
10 cm from the anode, since no dansyl amino acid has a 
negative charge. The paper was carefully wetted with , 
pH 1 electrophoresis buffer and subjected to 
electrophoresis at 3 TO/ for 2 hours. The paper was 
thoroughly dried and the dansyl amino acids visualised 
with a short wave ultra violet lamp.
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12. Cyanogen bromide digestion of flagellin.
a.. Cyanogen bromide digestion.
Cyanogen bromide specifically and almost 
quantitatively splits peptide chains on the carboxyl side 
of methionine residues converting the methionine into 
homoserine lactone and yielding large protein fragments.
100 mg of protein was dissolved in a 230 ml round 
bottom stoppered "Quick Fit" flask with 3.S ml of 100# 
formic acid and 1.5 ml of distilled water was added giving 
a final concentration of ?0# formic acid. A small spatula 
(7 X 7 mm) was used to transfer a level layer of 
cyanogen bromide crystals to the flask. The stoppered 
flask was shaken to dissolve the crystals and the reaction 
was allowed to proceed in a fume cupboard for 6-18 hours 
at 20°C. 40 ml of distilled water was added to the 
reaction mixture which was then freeze dried in a fume 
cupboard.
The products of the reaction were examined 
initially by polyacrylamide gel electrophoresis at pR 2.7 
and also at pH 8.5 in gels containing 0.1# SDS.
b. Separation of cyanogen bromide fragments on Sephadex 
columns.
The products of cyanogen bromide digestion were 
separated by chromatography in columns (100 x 2.3 cm) 
containing Sephadex G75 (particle size 40-120 pi) or 
G50 (particle size 20-80 pm) (Pharmacia Fine Chemicals, 
Uppsala, Sweden; fine or superfine grades) swollen in 
accordance with the manufacturers instructions in 5# 
formic acid. Columns were repoured before use.
50-100 mg of digested material was dissolved in 
7-10 ml of 100# formic acid, applied to the column and 
allowed to settle. The sample was preceded and followed 
with 50 ml amounts of 70# formic acid and 
chromatographed through the column in 5# formic acid. 
Column flow rates of 15-20 ml/hour were maintained and 
2.8 ml fractions were collected in an LÎCB Ultrorac
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fraction collector using the drop counting mechanism. The 
fractions collected were monitored using polyacrylamide 
gel electrophoresis at pH 2.7, and appropriate fractions 
were pooled and freeze dried. Often refractionation was 
needed to obtain pure fragments.
c. Separation of cyanogen bromide digests on Sephacell 
columns.
Partially separated cyanogen bromide fragments were
further purified on Sephacell (DEAE cellulose) ion
exchange columns (20 x 1 cm). 50 mg amounts of protein
dissolved in 5-10 ml Of 0.01 M Tris HCl buffer pE 8.0
were applied to the column and the column was eluted 
with an NaCl gradient from 0.01-0.1 M in Tris FCl buffer. 
Column flow rates of about 20 ml/hour were maintained and
2.5 ml fractions were collected in an LICB Ultrorac 
fraction collector. Fractions were monitored using 
pH 2.7 polyacrylamide gels, and appropriate fractions 
were pooled and freeze dried.
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13» Peptide maps.
a. Enzyme digests.
1 mg of protein was dissolved in 0.2 ml of 0.05 M 
NE^HCO^ by heating in a boiling water bath for 2 minutes 
and cooling rapidly under running tap water. 1 drop 
(0.04 ml) of trypsin or therraolysin (2 mg/rnl in 0.05 M 
NE^HCO-) was added and incubated at 37°C for 1.5-2 hours.
In completed digests a precipitate of undigested flagella 
"core material" was evident and the suspensions were often 
viscous. The "core material" was removed by centrifugation 
in an MSE bench centrifuge at 3000 g. Digests of cyanogen 
bromide fragments contained virtually no precipitate and 
were not centrifuged prior to spotting for fingerprinting.
b. Separation and detection of peptides.
Digests were spotted onto VJhatman 3MM chromatography 
paper cut to a suitable size. Chromatography was performed 
in a descending .manner for 16 hours in a covered Panglass 
Shandon 500 Chromatank at 20°C. Up to three papers were 
placed in the tank at one time. The solvent used for 
chromatography was the upper phase of a mixture of 
butan-1-ol: acetic acid:water (4:1:5 v/v). The papers were 
thoroughly air dried and then subjected to electrophoresis 
in a flat'-bed electrophoresis apparatus; either a Camay 
tank (Muttenz, Switzerland) at 2XV for 1-J hours or a 
Shandon tank (Shandon Southern Instruments, Runcorn, 
Cheshire, England) at 3KV for 1 hour. The electrophoresis 
buffers used were either pyridine : acetic acid:water 
(10:1:100 v/v) pH 6.5 or acetic acid:formic acid:water 
(15:5:80 v/v) pH 1.9»
Vvhen dry, the papers were dipped in 0.2# ninhydrin 
in acetone, dried and heated over a bunsen burner 
shielded by a tripod and gauze. Peptides which gave an initia 
yellow colour (indicating N-terminal glycine or amide 
residues) were marked at this stage. The chromatogram 
was left to develop overnight away from direct light.
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14, Depolymerisation of flagella.
Flagella as well as being depolymerised by acid and 
heat (as described) were depolymerised by bringing the 
final concentration of solutions to 6 M with respect to 
guanidine hydrochloride in 0.85# saline and 0.01 M sodium 
phosphate buffer pH 6 .6 .
15. Repolymerisation of flagella.
a. Preparation of monomer and seed.
Monomer solutions in 0.01 M phosphate buffer pH 6 .6  
and 0 .85# saline were prepared by acid depolymerisation of 
flagella, as previously described.
Seed fragments were prepared by subjecting flagella 
samples in saline and phosphate buffer to 5 bursts of 
power, at an amplitude setting of 12, in an MSE sonicator__ 
for minute, with 2-5 minutes between each burst. 5-10 ml 
samples were used and contained in metal tubes on ice.
b. Fr tein concentration estimation.
Protein concentrations of flagellin and seed solutions 
were estimated by the Lowry-Folin^method (Lowry,
Rosebrough, Farr and Randall, 1951) using the following 
reagents:-
-A - 2# sodium carbonate in 0.1 M NaOE
- 1# copper sulphate
B^ - 2 j^ sodium potassium tartrate
C - 98 ml A + 1 ml B^ + 1 ml (made up freshly)
D - Folin- Ciocalteu reagent (BDH Chemicals Ltd., 
Poole, Dorset, England) diluted 1 par*t +
1 .5  parts of distilled water.
To a 1 ml protein sample of a suitable dilution, 5 ml 
of reagent C v/as mixed thoroughly and allowed to stand for 
10 minutes, out of direct sunlight. 0.5 ml of reagent D was 
added, mixed, and after pO minutes the absorbance of light 
at 750 nm was read against a blank on a Beckman DB GT grating 
spectrophotometer. Crystalline bovine serum albumin 
(Calbiochem) was used as a protein standard at concentrations
of 25-500 pg/ml.
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c. Yiscometry.
For the polymerisation of monomer onto seed 
fragments, the method of Kuroda (1972) was used.
Monomer solutions of 8-10 mg/ml were mixed with,seed 
fragment solutions of 0.2-1 mg/ml. Polymerisation was 
followed by using an Gstwald-type viscometer of capacity 
2 ml and with flow time for water at 20°C of $2 seconds.
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EEgUM'S
1. Bacterial growth and yield of flagella.
Bacteria selected for motility and grown on trays 
yielded about 100 g wet weight of cells for 20 trays. The 
yield of freeze dried flagella ranged fron 80-700 mg.
Some bacteria gave consistently high yields of flagella 
such as E. coll K12 and Proteus vulgaris ITCTC 10020 while 
others gave consistently low yields such as E. coli NCTC 
9002 and Salmonella SB 175.
2. Flagellar filament shape nutants and other 
non-swarming rmtants.
Several bacteria were used in this study: Salmonella 
spec lesj E. coli strains and Bacillus pumi lis NOTB 9569. 
Proteus vulgaris ÎICTC 10020 was also used but no mutant 
isolates were obtained.
Wild type bacteria, when spread at a suitable 
dilution on plates of soft agar n'edium and incubated for 
10-20 hours at 28'Bl, grew into colonies from single cells. 
Tie se colonies had hazy circles radiati.ng out from a 
central point as the r^ otile cells s p.re ad through the 
medium. Sometimes, spontaneously or by nutagenically 
treating cultures, colonies on soft agar either forred 
greatly reduced swarms or no swarms but wi ti. a concentration 
of cells at the growth point. These non-swarm i.ng o:r- reduced 
swarming colonies were subcultured on nutrient agar plates 
to obtain single colonies for further use. Routinely mutants 
were examined initially by light microscopy using 
Leifson's stain and subsequently by electron microscopy. 
Table 1 lists the different mutants isolated together with 
values of the respective wavelengths and amplitudes 
derived from electron microscope observations of 
filaments dried flat onto copper grids. A description of 
the major type of movement in broth cultures is also 
included.
The following nomenclature was used f"or describing 
the mutant isolates: M - mutants isolated by Dr. M.W. 
McDonough; D - mutants isolated by D. Bogben; numbers refer 
to the specific colonies selected from soft agar nedium.
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Kbbreviations for TABLES 1 and 2.
X -wavelength 
d -amplitude 
SD -standard deviation
N -number of flagellar waves measured
FT -stained with potassium phosphotungstate (all 
others stained with uranyl acetate)
UF - unfixed sample
mot”- non-motile mutant
fla”- non-flagellate mutant
che”- non-chemotactic mutant
wt - wild-type
R - rotational movement
C - circulatory movement
B - Brownian movement
T - translational movement
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TABLE 1
Characteristics of flagella filament shape mutants and other 
reduced swarming mutants from a variety of Bacteria*
a) Mutants obtained from Salmonella SL 736 (antigen g^g^t )>
ISOLATE TYPE SD(n ) d pni± SD(n) MOVEMENT 
IN BPOTTT
wt normal 2.32±0*12(8) 0 .39*0 .07(9) T
M1-1 curlylT 1.05*0 .13(23) 0 .21*0 .04(23) R
M5-2 curlyrST O.49±0.04(14) 0 .029*0 .005(14) B i
UP M3 2-2 curlyII 1.02*0.06(15) 0 .22*0 .03(15) H
M52-2 curlyH 0 .96*0 .05(17) 0.21*0.02(17) « " 1
M51-4 curlyU* 1.18*0.08(19) 0 .43*0 .06(20) R
PT M51-4 curlyU* 1.37± 0 .12(19) 0.34*0.08(20) ^ ;
M55-1 curlyC* 1.24*0 .09(26) 0 .47*0 .07(26) R
M54-2 curlyU 0 .98*0 .07(36) 0 .25*0 .04(36)
i
R
FT M54-2 curlyU 3.90*0 .07(16) 0 .19*0 .02(15) R
PT M55-1 mot " 2 .56*0 .14(20) 0.44*0.08(20) B
D10-2 curlyU* 1.04*0.10(28) 0.34*0.05(28) R
PT DIO-2 curlyll* 1 .20*0.08(20) 0 .34*0 .03(20) R 1
D3-2 che - R,C,T. 1
D2-1 fla - - B
TABLE 1 (contd.)
b) Mutants obtained from Salmonella SL 175 (antigen f>g^  )
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ISOLATE TYPE Xpm* SD(n) d }m± SD(N) MOVEMENT 
TN BROTTT
wt normal 2.65±P.08(20) 0 . 54* 0 . 06 ( 19) r
M2-2 curlyll 0.90*0.08(37) 0 .16*0 .02(37) R
M5-1 curlyU 1.00*0.07(33) 0 . 1 8 * 0 . 0 3 ( 3 3 ) R
M6-2 straight - - B
M8-2 curlyU 0.93*0.07(28) 0.17*0.03(28) R
M9-1 curlyU 1.05*0 .07(30) 0 .19*0 .03(30) R
M10-1 curlyU* 1.25*0 .09(5) 0 .36*0 .05(5) R
• Ml 3-1 curlyU 0 .99*0 .09(36) 0 .21*0 .04(36) R
i B24-2 1 curlyU* 1 .17*0.10(28) 0 .36*0 .05(27) R
PT; B24-2 1 curlyU* 1.21*0 .09(30) 0 .33*0 .05(30) R
i m 6-1 1 che " - - T,R,C.
: 1 
PT; M7-1 1 che"' 2.47*0.30(28) 0.53*0.06(28) T,R,C.
, M8-1 che" - - T,R,C.
I  D1-1 che " - - T,R,C.
TABLE 1 (contd.)
c) Mutants obtained from SalmonellaSL 580 (antigen g,m )
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ISOLATE TYPE \ pm± SD(n ) d jura* SD(n) MOVEMENT 
IN BROTH
wt normal 2.59*0.07(11) 0 .52*0 .05(12) T
D2-2 curlyll 0.99*0.06(38) 0.24*0.03(38) R
D6-1 curlyll 0.89*0.05(43) 0.18*0.02(44) R
D8-1 straight - - B
D9-1 curlyll 1.06*0.16(22) 0.32*0.08(20) R
PT D9-1 curlyll 1.09*0.08(28) 0.23*0.02(28) R
D9-2 curly E Q 0.95*0.10(32) 0.15*0.02(36) C,R
PT D9-2 curlym 0.91*0.06(31) 0.13*0.01(33) C,R
D10-2 curlyll 0,81*0.05(15) 0.18*0.02(15) R
D11-2 curlyll 0.89*0.02(33) 0.20*0.03(29) R
D1-1 mot" - - B
d) Mutants obtained from SalmonellaSL 166 (antigen g,p )
ISOLATE TYPE X pra *SD ( N ) d jura* SD(n ) MOVEMENT 
IN BROTH
wt normal 2.66*0.10(19) 0 .56*0 .05(19) T
D2-1 fia" - - B
D7-1 mot 2.51*0.08(20) 0.49*0.05(20) B
TABLE 1 (contd.)
e) Mutants obtained from Salmonella st. 1061 (antigen 1,2)
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ISOLATE TYPE Xp* sd(n ) d pm* SB(n) MOVEMENT 
IN BROTH
wt normal 2.66*0.08(18) 0.57*0.05(18) T
M1-1 curlyll 1.14*0 .14(20) 0 .21*0 .04(20) R
Ml-2 curlyll 0.97*0.06(14) 0 .16*0 .05(14) R
M2-2 curlyll* 1.27*0.12(30) 0 .37*0 .04(32) R
PT M2-2 curlyll* 1 .61*0 .12(19) 0 .38*0 .04(19) . :
M3-1 curlyll* 1.25*0,11(18) 0.39*0.08(18) i1
PT M3-1 curlyll* 1.52*0.22(20) 0 .36*0 .06(20) R :
M3-2 curlyll* 1 .25*0.08(21) 0 .39*0 .04(21) R
M4-1 curlym 0.83*0.05(35) 0 .15*0 .02(35) R,C i
PT M4-1 curlylU 0 .89*0 .07(30) 0 .14*0 .02(30) R,C 1 
i
f) Mutants obtained from SalmonellaSL 168 (antigen r)
s ) Mu
ISOLATE TYPE X pi± sd(n ) d pm* SB(n) MOVEMENT; 
IN broth;
wt normal 2.41*0 .10(20) 0 .53*0 .05(19) T
D3-1 curlyll 0 .99*0 .11(19) 0 .21*0 .03(19) R
D5-1 curlyll 1.00*0 .07(15) 0 .22*0 .02(15) R
1)6-1 curlyll - - R
, , . . .. J
tants obtained from Salmonella SL 17.4(antigen b)
ISOLATE TYPE jxpi.+ SD(n ) i pm± SB(n )
1
MOVEMENT ■ 
IN BROTH ;
wt normal 2.39*0 .09(16) 0 .49*0 .04(16) T 1
D3-1 curlyll 1.01*0 .07(15) 0 .21*0 .02(15) R ! 
...1
TABLE 1 (contd.)
h) Mutants obtained from other bacteria
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CULTURE ISOLATE TYPE X pi± sd(n ) d pm* SD(n ) MOVEMENT 
IN BROTH
NCB*
9369
D3-2 curlyll - - R
NCB*
9369
B4-1 curlyll 0.87±0 .85(23) 0 .19*0 .02(23) R
NCTC*
9113
D2-1 curlyU R
NCTC*
9066
B2-1 curlyll R
X
K12 B1-1 fla"
---------------
- R
* Baçiljps pumilus 
^ Escherichia coli
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?or details of the notation used for describing the 
waveforms of different filament shapes, see discussion.
Figure 5 shows the swarming ability of different 
mutants compared to the wild type,strain on semi-solid 
medium. 'The plate cultures were incubated at 25°C for 
d8 hours, hone of the curly, straight, non-flagellate or 
non-motile strains have swarmed, whereas the normally 
flagellated wild type and presumed non-chemotactic 
mutants have developed swarms in the medium with that of 
the latter about ir the size of the swai/m for the wild t}"pe.
Figure C shows representative waveforms of the six 
major types observed in khe study which have been labelled 
normal, cuidr. H*, curly II, curly lU', curly IX and 
straight, Figure 7 shows a non-flagellate mutant, ^he 
majority of mutants were of the curly n  or type; two 
mutants, Salmonella SU 1061 (antigen 1 ,2) 114-1 and 
Salmonella 3L 520 (antigen g,m) D9-2, were of the curly T T T  
type; one mutant, Salmonella 3L 736 (antigen g,s,t) Hi-2, 
was of curly DZ type; two mutants, Salmonella SL 175 
(antigen f ,g) H6-2 and. Salmonella SL588(antigen g,m) D8-1 
had straight filaments; three mutants, Salmonella SL ICC 
(antigen y,]Q D2-1, Salmonella SL 7 (antigen pgs,t) P2-1 
and E. coli K'12 LI-1, were non-flagellate ; three mutants, 
Salmonella SL 166 (antigen pgp) L7-1, Salmonella SL 588 
(antigen LI-1 and Salmonella SL 756 (on tig en j , s, t)
M55-1, were non-motile; five mutants, Salmonella SL 736 
(antigen p;, s, t) Dp-1 and Salmonella SL 175 (antigen 
MC-1, M7-1, M8-1 and D1-1 wore presumed non-cheraotactic. 
Curly types d  and were indistinguishable when 
observed under the light microscope and stained with 
Leifson's stain. Possibly they represent two classes of 
filament waveforms,or perhaps tlie fixative or negative 
stain used for electron microscopy, had modified the 
waveform in some cases. It is notable that staining with 
either uranyl acetate at pH 4.8 or phosphotungstate at 
pll 7-^ made little difference in the sliapo of the waveform; 
perhaps uranyl acetate has a tendency to increase the 
amplitude of the waveform and perhaps potassium phospho­
tungstate has a tendency to increase the wavelength. Fixed 
and unfixed sa' pies each showed a small a:nount of poly­
morphism under the electron microscope which perhiaps
106
Figure 5. Soft agar plates inoculated with wild- 
type, mutant and revertant strains of Salmonella, 
illustrating their relative swarming abilities 
through the medium.
Bacterial strain.
1: Salmonella SL 736 (antigen g,s,t) M32-2DR3 (short 
filaments).
2: Salmonella SL 736 (antigen g,s,t) M3-2 (curly UZ).
3: Salmonella SL 175 (antigen f,g) M6-2 (straight).
4: Salmonella SL 175 (antigen f,g) D24-2 (curly n*).
5: Salmonella SL 588 (antigen g,m) (wild-type).
A l
1 : Salmonella SL 736 (antigen g,s,t) M3-2DR3 
(polymorphous).
2: Salmonella SL 175 (antigen f,g) M7-1 (che").
3: Salmonella SL 736 (antigen g,s,t) M3-2LR1.
(polymorphous).
4: Salmonella SL 736 (antigen g,s,t) M35-1 (mot").
5: Salmonella SL 388 (antigen g,m) (wild-type).
1: Salmonella SL 156 (antigen g,p) D2-1 (fla").
2: Salmonella SL 736 (antigen g,s,t) M1-1DR1 (normal),
3: Salmonella SL 736 (antigen g,s,t) M32-2DR3 (short
filaments).
4: Salmonella SW 1061 (antigen 1,2) M4-1 (curly TTT). 
5 : Salmonella SL 175 (antigen f ,.?) M5-1 (curly H ) .
che = presumed non-chemotactic. 
mot"= presumed non-motile. 
fla = presumed non-flagellate.
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Figure 6. Flagellar filament waveforms from the wild- 
type and various non-swarming mutants.
A. Salmonella SL 736 (antigen g,s,t); wild-type.
B. Salmonella SW 1061 (antigen 1,2) M3-2; curly II*. 
0. Salmonella SL 736 (antigen g,s,t) M32-2; curly TL
D. Salmonella SL 388 (antigen g,m) D9-2; curly U_I.
E. Salmonella SL 736 (antigen g,s,t) M3-2; curly HZ.
F. Salmonella SL 173 (antigen f,g) M6-2; straight.
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Figure 7* A non- flagellated mutant of Salmonella:- 
Salmonella SL 756 (antigen g,s , t) D2-1.
Figure 9. A polymorphically flagellated mutant, 
Salmonella SL 756 (antigen g~,s,t) M5-2DR5, possessing 
individual filaments of more than one waveform.
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indicated that a build up of acid from tlie stain had 
occurred on areas of the grid.
The mutants described dii^ fere^ '-; v/ith regard to the 
predominant type of cellular movement in broth cultures 
(see table l). The three major types of movement described, 
translation, circulation and rotation, are illustrated in 
figure 8.
Figure 8. The three 
types of cellular 
movement seen in 
broth cultures.
Translocation Rotation 
V.’ild type cells show a predominance of translational 
motion; this directional movement was interrupted at 
intervals v/itli th.e cells tumbling violently before resuming 
the translational motion and swimming in a randomly 
chosen direction. Cells with curly II or U *  fila'lents 
showed predominantly rotational novement which at times was 
quite intense; clumps formed in whiich. tlie individual cells 
were quite active and a "yo-yo” effect was seen whereby 
single cells tried to free themselves from the clump but 
were pulled back in, like a yo-yo unwinding and recoiling-, 
some cells did manage to gain freedom in this way. Cells 
with curly filaments showed predominantly circulating 
movement wit):i some rotation as well; clumping of cells and 
the "yo-yo" effect were seen. Cells with curly H  filaments, 
straight filaments, non-motile and non-flagellate cells 
showed Brownian motion with no clumping. Some curly H  or 
straight filamented cells occasionally rotated vigorously, 
perhaps as their filaments became tethered and the celrs 
body rotated, l/ith presumed non-chemotactic mutants many 
cells were rotating vigorously, while others moved 
translationally but for shorter runs than in the wild t;>Tpe.
Revertants
Revertants were isolated from Salmonella SL 756 
(antigen :;,s,t) and SL 175 (antigen f,g) non-swarming 
mutants. The selection procedure was tlie reverse of tliat 
used to select forv/aiml nutations, i.e. swarming colonies 
were picked from soft agar plates instead of reduced or
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ncn-Gwarining colonies. Table 2 lists the revertants 
obtained together v/ith values of their respective 
wavelengths and amplitudes derived from electron 
microscope observations of filaments dried flat on copper 
grids. The letter R denotes a revertant and the immediately 
preceding letter D denotes the revertant was isolated 
by D. hogben.
Several types of revertants were isolated; seven,
&L 756 K1-1 DR1, GL ?5G Mp2-2 DR2, GL 75G H5-2 DR2, GL 175 
M2-2 DR1, GL 175 H5-1 DR4, GI, 175 K8-2 DR^ and GL 175 H$-1 
DR1 were normally flagellated; four, GL 736 M5-2 DR1,
GL 736 H5-2 DR3, SL 736 H5-2 DR4 and GL 736 M5-2 DR 6 
were polymorph...'Usly flagellated (figures 9, 10 and 11); 
one, GL 73C K32-2 DR3, had sliort flagella (figure 12); 
one, GL 736 M32-2 DR1, had very long curly H  flagella 
(figure 13); three, GL 736 M5-2 DR5, GL 175 M6-2 DRG and 
SL 175 M6-2 DR9 had curly H  flagella. The revertants when 
spotted on soft agar medium and incubated for IS hours at 
'25^0 developed swarms which varied in size and texture in 
parallel with the node of spreading of each isolate on 
the initial selective medium (see figure 5)•
Gome polymorphous revertants had filaments of a 
single wavefor:j, some had individual filaments of 
different waveforms, and others had filaments with more 
than one waveform along their length. Up to seven 
different waveforms were observed; curly IX*, curly IX, 
curly HX, curly XX, straight, low amplitude and normal.
The low amplitude waveform is like the normal shape but 
has an amplitude of about half the normal value.
The revertants described differed' with regard to 
the predominant type of cellular motility in broth cultures 
(see table 2). Ghort flagellated revertants showed 
translational and rotational movement with little clumping 
of cells. Polyrnorphous revertants showed a variety of 
motion ; some moved translationally while others rotated 
violently or circulated; clumps of organisms were also seen 
Curly IX flagellated revertants showed mainly rotational 
motion with perhaps short runs of translational motion, 
normal revertants appeared to move in broth cultures as 
the wild type strain.
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TABLE 2
Characteristics of the flagellar filament shape revertants from 
Salmonella SL 736 and SL 175 mutants.
ISOLATE WAVEFORM \ pm ± SB(n ) d pm * SD(N) MOVEMENT 
IN BROTH
SL 175 M2-2 DR1 normal - - T
SL 175 M5-1 DR4 normal 2 .90±0 .17(10) 0 .47*0 .09(10) T
SL 175 M6-2 DR6 curlyll* 1 .51±0.06(9) 0 .43*0 .15(9) R
SL 175 M6-2 BR9 curlyll 1.35±0.12(14) 0 .29*0 .04(15) R
SL 175 M8-2 LR4 normal 2.38±0.06(6) 0 .45*0 .06(5) T
SL 175 M9-1 DR1 normal - - T
SL 756 MI-1 DR1 normal - - T
§L 736 M52-2DR1 curlyU 0 .91*0 .12(24) 0 .19*0 .03(25) R
SL 736 M32-2 DR2 normal 2 .31*0.13(10) 0 .35*0 .0 4(10) T
§L 736 M52-2DR3 - - T,R
§L 736 M5-2 DR1 straight - -
curlyU 1 .29*0 .11(10) 0 .31*0 .03(11)
normal 2 .63*0 .14(6) 0 .47*0 .05(6)
T,R,C
low amp­
litude
2.13*0.10(7) 0 .23*0 .04(7)
SL 736 M5-2 DR2 normal 2.49*0.13(20) 0 .46*0 .05(20) T
II 736 M5-2 DR3 curlyU 1 .36*0 .1 7 (7) 0 .29*0 .0 6(7)
curlylll 0.87*0.04(14) 0 .13*0 .03(14)
curlyU 0 .53*0 .04(10) 0 .049*0 .007(11) T,R,C
normal 2.43*0.17(5) 0 .32*0 .05(5 )
straight - -
SL 736 M5-2 DR4 - - T,R,C
SL 736 M5-2 DR5 curlyU 1 ,05±0.08(20) 0 ,31±0 .0 3(20) R
SL 736 M5-2 DR6. - - T,R,C
a - polymorphic revertants, b - short flagella, c - long, curly flagella
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Figure 10. A polymorphically flagellated mutant, 
SalmonellaSL 736 (antigen g,s,t) M5-2DR1, possessing 
two filaments of different waveforms.
Figure 11. A polymorphically flagellated mutant. 
Salmonella SL 736 (antigen g ,s,t) M5-2DR1, possessing 
one filament with several waveform shapes along its 
length, and with the distal end turned back on itself
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Figure 12. A revertant, Salmonella SL 736 (antigen g,s,t) 
M32-2DR3, which has short flagellar filaments.
Figure 13» A revertant, Salmonella SL 756 (antigen g ,s,t) 
M32-2DR1, which has very long flagellar filaments of 
the curly n  flagella.
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p. Comparative studies of filament surface structures.
As flagellar filaments are in general labile to 
acid pK, specimens were routinely fixed in either 1.00 
formaldehyde or 2.50 gluteraldehyde to preserve the 
surface structure. In portions of the preparations where 
there were pools of uranyl acetate and in which drying was 
presumably retarded, clouds of dissociated flagella were 
sometimes seen. Unfortunately no conventional neutral 
solution used as a negative contrast agent for electron. 
microscopy gave results comp.ari.ble witli the detailed 
surface structure revealed by uranyl acetate. Ihe surface 
structure shovrn by phosphotungstate staining was generally 
vague (see figure 1A) and often a film of dried stain 
round the. filament was noticed. The best preparations were 
obtained with dilute lu-anyl acetate (about 0.50), which 
was rapidly removed immediately after its application.
a. E. coli filament surface structure.
Under satisfactory conditions, the filaments in a 
pure culture of E. coli from a single strain all 
possessed the saj.io surface structure. The filaments of 
different strains could be grouped according to their 
structure; these groups have beep, termed morphotypes by 
Lav/n, Orshov and Orskov (1977) and six principle morphotypes 
were described, figure 15 shows electron micrographs of 
filaments from several E. coli strains observed in this 
study and descriptions of the various morphotypes are 
given below. Strains are represented by their culture 
number and II serotype, given in brackets.
Morphotype A . Strain NCTC. 9002 (E7) falls in this 
class. The flagella are thin with a smooth and featureless 
surface and possess a series of longitudinal helical 
grooves. The filament width varied along its length with 
the periodicity of the grooves and in sore sections no 
groove was observed, perhaps as parts of the filament were 
out of focus.
Morphotype B . Strains NCTC 9004 (HI) and NCTC 9066 
(E25) fall into this class. The flagella are thin v/ith a 
surface pattern showing prominant diagonal striations in 
both directions, suggesting the presence of subunits
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Figure 14. Flagellar filaments of Salmonella 81 756 
(antigen g,s,t) stained with potassium phospho­
tungstate (pH 7.4); little definite surface 
structural detail is revealed.
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Figure 15. Micrographs showing the detailed surface 
structure of flagellar filaments from different strains 
of Escherichia coli illustrating the range of 
morphotypes observed.
Strain (morphotype)
A: E. coli NCTC 9002 (A).
E: E. coli NCTC 9004 (B).
0: E. coli KOTO 9066 (B).
D: E. coli NCTC 9043 (C).
E: E. coli NCTC 9054 (C).
F: E. coli NCTC 9079 (D).
G: E. coli NCTC 9113 (D).
H: E. coli NCTC 9001 (E).
I: E. coli NCTC 9963 (F).
J: E. coli NCTC 9036 (U).
K: E. coli NCTC 9966 (U).
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arranged in a helical manner. Underfocused filaments often 
showed only one diagonal striation which could be confused 
with the G morphotype.
Morphot;/pe G. Strains ÎTGTC 9045 (H2) , NGTC 9054 (E2) 
and K12 (E48) fall into this class, ^lagella have an 
ill-defined rough surface with diagonal striations, 
suggesting the presence of subunits arranged in a helical 
manner. Longitudinal striations were sometimes observed.
MorphotTpo D. Gtrains EGTG 9079 (F40) and NGTC 9115 
(E21) fall into this class. Diagonal striations were more
■t,Ka,Ti
prominentkin morphotype G and the subunits appeared like 
a sennted edge with the stTrations all inclined towards one 
pole of the flagellum. Sometimes discontinuous striations 
were observed.
Morphotype E. Strains EGTG 9001 (E?) and NCIB 8666 (H?) 
fall into this class. These flagella like those of 
norphotype F have looped edges, suggesting a helical 
sheath. Between the core and the loops a gap is seen which 
is filled with uranyl acetate. The loops have an edge 
repeat distance of 9-10 nm and sometimes appear to 
connect with diagonal striations across the surface of the 
filament.
Morphotype F. Strain NCTC 9965 (K26) falls into this 
class. These flagella were similar to those of morphotype E, 
but the repeat distance between the loops and the edge was 
20-25 nn. Thie gap filled with stain between the surface 
layer and filament core was wider and less sharply 
outlined.
Strain NGTC 9056'(E$) had a similar filament 
structure to that of morphotype F but was wider and has a 
higher molecular weight (see later). Lawn et al. (1977) 
class this strain as having a unique surface structure.
Strain NGTC 9966 (E55) has unique filament surface 
detail. The filaments resemble those of morphotype E 
except the peripheral lojps are more intimately associated 
with the filament core and less distinct as separate loops; 
they have a pronounced longitudinal lined appearance and 
diagonal striations can be observed. The molecular weight 
and width values (see later) are lower than for other 
n.orphotype E filaments.
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b. Surface structure of filaments from ether bacteria.
As a wide range of flagellar surface structures bad
been observed in E. coli strains a survey filaments from
other bacterial genera was conducted. Even over a wide 
•range of genera and over a wide range of molecular weights 
of the flagellar protein isolated from the filaments a 
range of surface structures comparable to the morphotyp^s 
of E. coli strains had not been observed (Figure 16).
Three classes of surface structural types seem to be 
distinguishable.
T./ye a inc 1 ud e s Salmon el la SL 7 56 ( an t i m en c, s , t )
, i/ ^  . . m ------ -   - - 4 ^  V V.. ^
and SL 166 (antigen g, p ). The surface is si nil an to t]\at 
of norphotype D for E. coli strains. The subunits appear to 
be arranged as a scnrted edge, with the points of the 
s oir it Ions all inclined towards one pole. Diagonal striations 
were prominent and longitudinal striations were visible 
particularly on the inside of the filament.
Type b includes Salmonella SW 1061 (antigen 1,2),
SL 871 (antigen 1,2), SL 642 (antigen i.) and SL ?5 
(antigen e,n,x), Proteus vulgaris NCTC 10020, Proteus 
inconstans NCTC 6544, Proteus morganii NCTC 281S, Proteus 
rettgerii NCTC 7475, Proteus mirabilis NCTC 6197, Serrâtin 
marcescens NCIB 9155, Bacillus punilis NCIB 9369, Badllus 
sphaericus NCIB 9370, Bacillus circulans NCIB 9574,
Alkalipenes faecalis NCIB 8136, Rhizobium trifolii RES 3 
and dll'0mobacteriurn violaceun NCIB 9151* The surface of 
these filaments are similar to those of norphotype C for 
E. coli strains. The structure is generally ill-defined 
and rough in appearance with diagonal striations crossing 
on the surface. Longitudinal lines on the surface were 
often seen.
Tyi'O c imcLudes Pseudomonas aeruginosa NCIB 10058, 
Pseudomonas fluorescens NCIB 8295, Erwinia carotovora 
IC 26, Bacillus cei-eus NCIB 9373, Bacillus subtilis 168 
(not shown) , Rliodospirillum rubrum NCIB 8255 and 
Agrobacterium, tumefaciens NCIB 8150. These filaments 
have marked longitudinal striations with 5 or 6 ’light’ 
and ’dark’ bands. Diagonal striations are sometimes 
visible but are often masked by the longitudinal lines.
This group has similarities with the filaments of E. coli
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Figure 16. Micrographs showing the detailed surface 
structure of flagellar filaments from various strains 
of a range of bacterial species and genera.
Bacterial culture. .
A: Salmonella SL 756 (antigen g,s, t) . o-
B: Salmonella SL 166 (antigen g,p).
C: Salmonella SW 1061 (antigen 1,2).
D: Salmonella SL 871(antigen 1,2). V»
E: Salmonella SL 642 (antigen j.) .
F : Salmonella SL 25(antigen e,n,x). v,
G: Bacillus pumilis NCIB 9569. ^
H: Bacillus cereus NCIB 9575.
I : Bacillus sphaericus NCIB 9570.
J: Bacillus circulars NCIB 9574. V>
K : C hnoiro>W te.clu.m  violaceum NCIB 91 3 1.
L: Serratia marcescens NCIB 9155.
M : Proteus vulgaris NCTC 1CC2C. b
N : Proteus inconstans NCTC 6544. ^
C: Proteus morganii NCTC 2815. ^
P: Proteus rettgerii NCTC 61^7. ^
Q: Rhizobium trifolii RES 5- b
R: Alkaligenes faecalis NCIB 8156.
S : Pseudomonas fluorescens NCIB 1CC58. c.
T: Pseudomonas aeruginosa NCIB 8295. c.
U: Erwinia carotovora IC 26. c
V: Rhodospirillum rubrum NCIB 8255.
V/: Agrobacterium tumef aciens NCIB 8150. c
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strain NGTC 9966 which also had a lined appearance.
There is an appreciable overlap between the three 
groups with many filaments of type b having a lined 
appearance in parts and many filaments of typo c having 
a structure similar to that of type b in/parts.
c. A possible relationship between the apparent molecular 
'weight of flagollin and the diameter of the correspond­
ing filament.
Diameters of various filaments were measured and ‘an 
average value of at least ten measurements was recorded 
(Table p). then the apparent molecular weights of flagellin 
(for h. cojli. strains see later; others from McDonough and 
Smith, 1976) were plotted against the square of the 
diameter of the corresponding filament (figure 17) a 
straight line was obtained indicating a definite 
correlation between the filament diameter and the apparent 
molecular weight of its flagellin as determined by SDS 
polyacrylamide gel electrophoresis. Variations in 
filai.ient diameter were seen in some cases v/liich perhaps 
reflected that certain filaments had taken up more stain 
than others.
4 . loints of interest from electron microscope 
studies.
During studies on flagellar waveforms and filament 
surface structures using the electron microscope sone 
other interesting observations were made.
In a few cases flagellar hook regions were seen. 
Figure 18 shows a hook seen in a preparation of oalI'^ pnehj-p. 
216 25 (antigen e,n,:{) flagella. This region is notably 
distinct from the filament, in terms of surface structure, 
the filament showing longitudinal lines and the hook 
showing an amorphous structure. The hook is about 40 nm 
lcn%/ iuid is slightly wider than the filament. A hook 
region was seen on a flagellum of E. cpl^ NCTC 9001 
vdiich also showed a distinct change in surface structures, 
the filament having external loops, and the hook an 
amorphous structure without loops at the edges (ligure 19). 
This region had a definite hook-like appearance. The 
proximal end is wider and possibly represents part of the
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TABLE ?
Flagellar filament widths and apparent molecular weight values 
of their respective flagellin for a range of bacteria.
BACTERIAL CULTURE (ANTIGEN) d (nm) d^(nm^) APPARENT
MW.
E.coli NGTC 9001 (H7) 21 .4 459.2 64,000
E.coli NCTC 9002 (H4) 15.1 172.4 56,000
E.coliNCTC 9004 (H5) 15.0 224.1 43,500
E.coliNCTC 9056 (H9) 25.6 554.6 68,000
E.coliNCTC 9045 (H2) 19.9 395.2 55,000
E.coliNCTC 9054 (H2) 19.3 372 .9 56,000
E.coliNCTC 9066 (H25) 15.3 234.4 46,000
E.coliNCTC 9079 (H40) 18.1 328.5 55,000
E.coliNCTC 9115 (H21 ) 17 .7 312.9 53,000
E.coliNCTC 9965 (H26) 23.3 544.3 65,000
E.coliNCTC 9966 (H55) 18.1 328.7 55,000
E.coli NCIB 8666 (h?) 22.0 485.8 58,000
E.coli NCTC 86 (HIO) 17.0 287.6 46,500
E.coli K12 (H4B) 17.3 299.3 57,000
SalmonellaSL 756 (g,s.,t) 19.2 367.5 57,000
SalmonellaSL I66 17.9 320.4 -
Salmonella SW 106I (l,2) 17.8 315.8 56,300
SalmonellaSL 871 (l,2) 18.6 344.1 -
SalmonellaSL 642 Ci) 18.1 327.6 51,700
Salmonella SL 25 (e.n.x) 17.9 321.8 54,000
Bacillus pumilis NCIB 95&9 13.4 180 .4 47,100
Bacillus subtilis 168 15.3 252.6 37,000
Bacillus cereus NCIB 9575 14.7 216.4 -
Bacillus sphaericus NCIB 9570 11.3 150.6 28,000
Bacillus circulans NCIB 9574 14. 220.5 49,300
TABLE 3 (contd.)
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BACTERIAL CULTURE (ANTIGEN) d (nm) d^(nm^) APPARENT
MW.
Proteus vulgaris NCTC 10020 15.9 253.1 39,000
Proteus inconstans NCTC 6544 16.5 264.1 42,800
Proteus morganii NCTC 2815 16.4 268.5 39,800
Proteus rettgerii NCTC 7475 16.5 266.7 43,200
Proteus mirabilis NCTC 6197 13.5 182.5 40,000
Chromâtium violaceum NCIB 9131 15.7 245.6 43,100
Serratia marcescens. NCIB 9155 12.4 153.3 40,600
Alkaligenes faecalis NCIB 8156 10.6 115.0 -
Agrobacterium NCIB 8150 
turnAfactena
10.7 113.9 -
Rhizobium trifolii RES 5 12.6 159.0 -
Rhodospirillum rubrum
NCIB 8288
11.9 141 .1 35,200
Pseudomonas fluorescens
NCIB 10058
18.0 325.3 48,400
Pseudomonas aeruginosa
NC1B 8298
18.4 540.0 48,000
Erwinia carotovora IC26 15.6 244.3 51,600
d - width
MW, - molecular weight
For molecular weights of bacterial strains see McDonough
and Smith (1976), except for E.coli strains quoted in section 8
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Figure 17» The relationship between the diameter of 
the flag;eliar filament and the molecular weight of the 
corresponding; flagellin.
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Figure 18. The proximal end of a flagellum from 
Salmonella SL 25 (antigen e,n,x) showing the difference 
in appearance of the hook and the filament.
Figure 19. The proximal end of a flagellum from 
Escherichia coli NCTC 9001 showing part of the filament 
and the hook region which possibly terminates in an 
incomplete basal body.
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basal body complex, as observed by Dimmitt and Simon (19?1a""& b)
and appears to show tle presence of two disc-like
structures.
During studies of Bacillus subtilis 168 flagella 
it was nooiced vhat filaments were occasionally 
disintegrated ’’/hen observed under the electron 
microscope (figure 20) giving thin strands over the 
lengoh of ohe filament as though the flagellin subunit 
connections had broken between the longitudinal rows only.
This was presumed to have arisen as a result of the low 
pH conditions during preparation on introduction of 
uranyl acetate to the specimen.
Home flagellated cells were found to have their 
filaments aggregated together into what appeared to be a 
bundle (figure 21). V/hen in the bundle form all the 
flagella were intertwined together with each filament 
bearing the characteristic waveform shape of the clone and 
causing the bundle to display the same overall shape.
p. Scanning electron microscopy.
Fixed and washed bacterial cells were initially 
placed directly onto Ip mm diameter coverslips before 
being passed throug}. a graded series of acetone or 
ethanol, critical point dried, shadowed with gold and 
ex'ua'ned under the microscope. Two problems arose; few 
cells were observed on the coverslips and of the cells 
soar none had flagella attached except for possibly 
short stubs. To overcome these problems cells were either 
placed onto coverslips which had an air dried layer of 
0.1^ bovine serum albumin on the surface, or collected 
on a -iilliporo filter membrane before further treatment.
To protect tîie flagellar filaments longer fixing times of 
up tc 21 hours were employed. Even using these additional 
measures, bacterial cells wore few in number and intact 
.'iliL.:ents were rare.
6. The attempted selection of altered filament 
surface structure from E. coli strains.
The selection of cells with altered filament 
surface, structure was attc.ipted by preparing antisera
Sifiii
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Figure 20. A flagellar filament from Bacillus subtilis 
168 which has disintegrated into long fibrous strands 
running longitudinally to the filament. This has 
possibly arisen during preparation where a build-up 
of acid has occurred due to the slow drying of pools 
of uranyl acetate solution.
Figure 21. Flagellar filaments of Salmonella SW 1061 
(antigen 1,2) MI-2 associated together and forming 
an apparent bundle.
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against flagella of specific ’II’ serotypes and of 
definite murphotypes. The antisera were added to soft agar 
medium in plates to a concentration of at least 5 times 
the titre value. Swarms from a line of cells streaked 
on the agar surface were isolated; they were examined 
-serologically and under the electron microscope. Initially 
antiserum 101 (anti ÎTCTC 9001 - 'II') was used, and 
mutants labelled al, aG, a?, a8, a9 and alp were isolated. 
V/hen examined under the electron microscope (see figure 22) 
mutants a? and a9 both had filaments with a surface 
structure like the I) morphotype; mutant ap had filaments 
like those of Serratia marcescens but was later found to be 
a contaminated culture. Mutants aG, a8 and alp had filaments 
of the E morjfnotype, as the parental strain. V)ut with a 
lower antiserum titre; mutant al when purified was found 
to have filaments of the E morphotype with a reduced 
antiserum titre. Table A'-a gives titre values of antiserum 
lOp against a range of E. coli flagella as well as values 
for the mutants.
Other antisera were prepared to check the validity 
of the mutant isolates:- antiserum A - anti NCIB 9001 
combined 'O' and 'II'; antiserum B - anti a? combined 'O' 
and 'E' ; antiserun C - anti al combined 'O' and 'II'.
These antisera were tested separately against 'O' and 'II' 
prepared cells and titre values are given in table la. 
Antiserui.: A gave significant titre values wit)i the parent 
strain and tlie S morplotype mutants for 'O' antigen 
prepared cells, and additionally to a minor extent with 
mutants a? zmd a9 for 'H' prepared cells. Antiserum B 
gave significant titres with only 'O' and 'II' antigen 
prepared cells of mutants a? and a9- These results 
indicate that perhaps mutants a? and a9 were contaminant 
isolates particularly as the 'O' antigen prepared cells 
do not react with antiserum A. Antiserum C gave titre 
values as expected against Ml' antigen prepared cells, 
with the highest titre value for mutant a5 and slightly 
lower val.ue for oth.er E morphotype flagellar mutants and 
the parental strain.  ^ -
.intisera E (anti IICTC 9001 - 'E') and E (anti NCTC 
9001 - '0') wore used to isolate and'check khe validity of 
other mutants derived from NCTC 9001 and labelled a11— 1,
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Figure 22. The detailed surface structure of two 
mutants selected for their ability to swarm on 0.25% 
nutrient broth agar plates containing anti Escherichia 
coli NCTC 9001 (morphotype E) flagellar antiserum at a 
concentration that prevents the swarming of the 
wild type strain.
A: E. coli NCTC 9001 a?.
B: E. coli NCTC 9001 a8.
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TABLE 4
Data of antiserum titres for various E.coli strains and isolated 
mutants•
a)
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CULTURE ANTISERUM TITRE VALUES
NUMBER
(NCTC)
SERUM
103 '
SERUM A SERUM B SIEUM C bEKUM SERUM ‘
0» 'O' 'H« 'O' E F
9001 4096 4096 64 ^ 2 ^2 512 8 2048 256
9001h ^ 8 ^4 64 Z 2 4:2 /4 8 Z  2 256
9002 ^4 z:2 Z 2 <2 /4 /2 Z  2 Z 2
9004 .<8 ^4 ^ 2 Z 2 <(2 /4 Zl2 Z  2 Z 2
9036 <C8 ^4 Z.2 Z 2 Z2 /4 Z2 Z  2 Z 2
! 9043
!
< 8 Z 2 ^ 2 z:2 /4 Z2 Z 2 Z 2
! 9054 ^  8 ^4 zl2 Z.2 ^2 Z4 Z2 Z  2 Z 2
j 9066 < 8 ^4 Z.2 ^ 2 C2 /4 Z2 Z  2 Z 2
: 9079 ^ 8 Z4 Z.2 Z.2 ^2 /4 Z2 Z 2 Z 2
9113 <^8 'Z4 Z.2 C 2 ^2 /4 /2 Z 2 Z 2
1 9963 <-8 Z4 Z.2 ^ 2 ^2 /4 Z2 Z 2 Z 2
I 9966 ^ 8 ^4 Zl2 z:2 Z2 l^ Z2 Z 2 Z  2
I a5 1024 2048 64 < 2 Z2 1024 8 512 256
: a6
------ —
2048 2048 64 -C2 Z2 512 8 1024 256
a? 128 8 2 4096 8 128 Z2 8 Z 2
a8 1024 1024 64 Z.2 / 2 512 8 512 256
1 a9 128 8 Z-2 4096 8 64 Z2 8 Z 2
a13 1024 1024 64 ^ 2 ^2 512 4 512 256
h - heat killed
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TABLE 4 (conta. 1 
b) 4
CULTURE
NUMBER
(NCTC)
TITRE VALUES
SERUM
E
SERUM
P
9001 2048 256
9001h Z2 256
a14-1 1024 256
a18-1 1024 256
al 8—2 1024 256
al 9-1 512 256
a19-3 512 256
a20-1 256 128
a20-2 512 256
a21 — 1 1024 256
a21-2 1024 256
a21-3 512 256
a21-4 1024 128
a23-r 512 256
a23-2 512 128
a23-5 1024 256
CULTURE
NUMBER
(.NCTC)
TITRE VALUES 
SERUM 
D
9001 Z  2
9002 Z  2
9004 Z  2
9043 Z  2
i
Kl 2
i
Z  2 1
9113h
(
Z  2
9113 1 2048
al—1 10-24 1
a2-1 512 1
a4-1
1
512 !
a?-1 256 ]
a7- 2 i 512
a9-1 512 1
a9-2 ‘ 1024 !
a10-1 -  ;
1
al 1—1 I
i
1024
1
al 2-1 i 1024
a15-1 1024
al6-1 1 512 i
al-IXl ; 256
al 1-1x1i 256 i
i .......... 1
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a18-1, a1P-2, a19-1, .al9-3, a30-1, a20-2, a21-1, 
s21-2, a21-5, a21-4, a23-1, a23-2 and a23-5. All
these mutancs were found to liave filament surface structures 
of the E Borpbotype, like the parental strain, their 'R' 
antigen titres were reduced by 1-3 serial di.lution steps 
back froH that of the parental strain, and their 'O' 
antigen titres were about the same as that of the 
parental strain (see Table 4b).
Antiserum P (anti NCTC - 'H') was used to
isolate mutants derived from NCTC ^113, an E. coli 
strain which has D morphotype filaments. The mutants 
isolated were labelled eC-1, a 2-1, a4-1, a?-1, aT-2, 
a9-1, a9-1, a10-1, e^1-1, ^2-1, a1T-1, sIG-l,
al-1x1 and a 11-1x1. All these mutants were found to have 
filament surface structures of the T) morphotype, like the 
parental strain, and their 'II' antigen titres were reduced 
by 1-3 serial dilution steps back from that of the parental 
strain (see Table 4c). Mutants al-lxl and a11-1x1 were 
derivatives of a 1-1 and a11-1 respectively and were 
selected from soft agar plates containing about 7 tira es 
the concentration of the parental titre value of antiserum. 
Nor these nritants the 'II' antigen titre had been further 
reduced by the selection procedure.
7- Comparison of the cross-reaction of anti- 
flagellin antibodies vzith flag ell in and re- 
y polymerised flagellin,
Antisora prepared against flagella (MON) rather 
than whole flagella or repolyrnerised flagellin (POL) were 
tested for their ability to cross-rcact with MON and POL 
derived from a variety of bacterial strains. Pour antisera 
were prepared:- antiserum 106 - anti Salmonella SL 716 
(antigen g,s,t) MON; antiserum 110 - anti E. coli NCTC 
9001 MON; antiserum 113 - anti Salmonella SN 1061 (antigen 
1,2) MON; antiserum 114 - anti Bacillus subtilis 168 MON.
The titre values for the antisera with their corresponding 
antigens as determined by the 'Ping Test' method are:-
Gtrain Antiserum Titre
Salmonella 8L 736 106 236
E. coli NCTC 9001 110 236
Salmonella SV/ 1061 U p  236
Bacillus subtilis 168 111- 4
145
The titre of antiserum 114 was considered to be too 
low for use in further experimental work. Antisera 106,
110 and 113 were tested with MON and POL from various 
sources in Ouchterlony double diffusion gel.s. The centre 
well was. filled with neat antiserum and the peripheral 
wells were filled with either MON solutions (concentration 
of about 3 mg/ml) or POL' solutions (concentrations of 
1.5 or 13 ir.g/rnl) . The Ouchterlony plates were left for 
3-3 days at 23^0 before being examined. Por a positive 
reaction between antiserum and MON or POL, one or more ■ 
lines of white precipitate were seen in the gel between 
the two respective wells.
Anliscriun 113 was tested against MON and POL from 
the following Salmonella strains (flagellar antigens 
given in brackets):- SV/ 1061 (1,2), SL 871 (1,2),
8W 1180 (i9, SL 23 (e,n,x), SL 168 (r), SL T74 (b),
SL 161 (a), SL 736 (g,s,t), SL 388 (pgm), SL 1?3 (f,g):With 
and SL 166 (I'pp) . The serum was found to interact only witK 
MON and POL from SW 1061 and SL 8?1, both of which carry 
the 1,2 flagellar antigen.
Antiserum 106 was tested against MON and POL from 
Salmonella strains as given for antiserum 113 with the 
addition of SL 73Q MI-1 (g,s,t ; curly H )  and SL 736 M3-2 
(g,s,t; curly 3). The serum only reacted with MON and POL 
from strains containing the g—  antigen, namely SL 736,
SL 736 MI-1, SL 736 M3-2, SL 388, SL 173 and SL 166. When 
anti serum 106 reacted witli MON and POL from SL 736 
multiple precipitate lines dpuld be observed in the gel, 
probably representing the interaction of antibodies in the 
serum with the s_ and t antigens of SL 736 flagella.
Pigure 23 shows the interaction of antiserum 106 with MON 
cUid POL from various flagella.
Antiserum 110 was tested with MON and POL from E. 
coli strains NCTO's 9001 (N7), 9002 (N4), 9066 (N23),
9113 (K21), 9963 (N26); E. coli K12 (P48); Salmonella 
SL 736 and SW 1061. The serum only reacted with MON and 
POL from E. coli NCTC 9001.
None of the three antisera tested showed any cross­
reaction of antiflagellin with MON or POL of different 
flagella]
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Figure 23» Ouchterlony double diffusion gels showing 
the interaction of specific anti-flagellin serum 
with flagellin (F) and repolymerised flagellin (P) 
antigens from different Salmonella strains.
The centre well for both A and B were filled with 
anti Salmonella SL 736 (antigen g,s,t)-F serum.
The peripheral wells contained
Flagellin source (concentration).
Ar
1: Salmonella SL 588 (antigen g,m)-P (15 mg/ml).
2: Salmonella SL 588 (antigen g,m)-P (1.5 mg/ml).
3: Salmonella SL 588 (antigen g,m)-F (5 mg/ml).
4: Salmonella SL 736 (antigen g ,s,t)-P (15 mg/ml).
5: Salmonella SL 736 (antigen g ,s,t)-P (1.5 mg/ml).
6: Salmonella SL 736 (antigen g,s,t)-F (5 mg/ml).
A jl
1: Salmonella SW 1061 (antigen 1,2)-P (15 mg/ml).
2: Salmonella SW 1061 (antigen 1,2)-P (1-5 mg/ml).
3: Salmonella SW 1061 (antigen 1,2)-F (5 mg/ml).
4: Salmonella SW 1180 (antigen i)-P (15 mg/ml).
5: Salmonella SW 1180 (antigen i)-P (1.5 mg/ml).
6: Salmonella SW 1180 (antigen i)-F (5 mg/ml).
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8. Comparative studios of the chemistry of E. coli 
flat -ellins.
a. Purification and preparation.
Flagella samples were routinely purified eitlier 
by acid dopolymerisation followed by (rUpj^ SO^ , precipit­
ation and Teig'gregatioig or by differential centrifugation. 
Checks of homogeneity of flagellins were made using 
polyacrylamide gel electrophoresis at pll 2.7 and pH 8.5 
in the absence of SIS. Single bands of homogenous protein 
were seen on the gels in both systems.
b. The apparent molecular weight of E. coD.i flagellins.
The results given refer to studies using 
polyacrylamide gels in pH 8.5 Tris HCl buffer and 0.1#
SDS. The SH3 ideally gives all proteins a net negative 
charge proportional to the size of tlie molecule. Proteins 
run on the gels showed discrete bands which were visible 
a few days after staining. Gels run with' protein standards 
either individually or as a r.dxture had a drop of 
yB :uercaptoetl aiiol added to tl.e sample; without this 
anomolous values of migration distances of the marker 
proteins were obtained (Figure 24). The position of 
marker protein bands when plotted as distance of protein 
migration / distance of dye migration (DPM/HDM) against 
the logarithm of the molecular weight, gave a straight 
lin^ (Figure 25). Flagellins ran'as single bands and were 
run separately or together in comparison with marker 
proteins (see Figure 26). Table 5 shows the values 
obtained for molecular weights of E. coir flagellins 
together with that of Salmonella SL 736 (antigen g,s,t) 
for comparison. The molecular weights reported are the 
average of at least throe determinations with devi&cions 
in each case of loss than 4#.
c. Amino acid composition of flagellins.-
Hydrolysis of flagellin samples at 24, 48 and 72
hours indicated that certain amino acias eikner decreased 
or increased with hydrolysis time. In all cases reportea 
tl„e hydrolysis time was 24 hours and amino acids wore
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Figure 24. SDS polyacrylamide gels (10# acrylamide 
content) run at pH 8.5, showing the separation of 
a mixture of 6 marker proteins of known molecular 
weights, A) in the presence of/Smercaptoethanol, 
and B) in the absence of ^ mercaptoethanol.
4
5
6
B
Protein/ molecular weight. 
1: Bovine serum albumin 66,000 
2: Catalase 60,000.
5: Ovalbumin 44,000.
4: Trypsinogen 24,000.
5: Lysozyme 14,300.
6: Cytochrome C 11,700.
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Fi^ure 2^. Calibration plot of the logarithm of the 
molecular weight of marker proteins against the 
distance of protein migration/distance of dye 
migration (DPM/DLM) for SDS polyacrylamide gels.
40^
30
20
lO
Ovalbumin
(acrylamide content
=-10?O
L y s o z y m e
0*2 0*4 0*6
d p m / d d m
0*8 1*0

Figure 26. SDS polyacrylamide gels acrylamide
content)run at'pH% of flagellins from Escherichia
coli, run on separate gels and together on the 
same gel, illustrating their different . 
electrophoretic mobilities.
Flagellin source (morphotype).
1 : E. coli NCTC 9002 FA (A).
2: E. coli NCTC 9004 H5 (B).
3: E. coli NCTC 9066 H25 (B).
4: E. coli NCTC 9043 H2 (C).
5: E. coli NCTC 9034 H2 CO).
6 : E. coli NCTC 9113 H21 (D).
7: E. coli NCTC 9001 H7 (E).
8: E. coli NCIB 8666 H? (E).
9: E. coli NCTC 9963 H26 (F).
10: E. coli NCTC 9036 H9 (U).
11 : E. coli NCTC 9966 H35 (U).
12: E. coli flagellins in descending order:-
NCTC 9036 H9 (U), NCTC 9963 H26 (F),
NCIB 8666 H? (E), NCTC 9113 H21 (D), 
NCTC 9066 H25 (E), NCTC 9002 ¥A (A).
H = serotype number.
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TABLE 5
Apparent molecular weights of E. coli and SalmonellaSL 736 flagellins.
BACTERIAL CULTURE (ANTIGEN) MORPEO-
TYPES
MOLECULAR WEI GETS
CALCULATED OTSERS
B. coli NCTC 9001 CE7) E 64,000 61,000L
E. coliNCTC .9002CH4) A 36,000 37,OOOL
E. coliNCTC 9004 (HS) B 45,500 46,000L
E. coliNCTC 9036 fE9) U 68,000 69,000L
E. coliNCTC 9043 (S2) C 55,000 -
E. coliNCTC 9054 (ïï2) C 56,000 -
E. coliNCTC 9066 (E251 B
V
46,000 50,000L
E. coliNCTC 9079 CE40) D 55,000 -
E. coliNCTC 9113 (E2l) D 55,500 56,000L
E. coliNCTC 9963 (E26) F 63,000 -
E. coliNCTC 9966 (E35l U 55,000 -
E. coli NCTC 86 (EIO) C 46,300 46,900M
E. coli NCIB 8666 (H?) E 58,000 63,200%
E. coli K12 (E48) C 57,000 60,40QM
Salmonella SL 75^ (^ fyS^ t) - 57,000 57,000%
L - from Lawn (1977)
M - from McDonough and Smith (197&)
15^
corrected according to McDonough (1963). Threonine and 
serine decreased by about 3# and 6# respectively; valine 
and isoleucinc increased with tine by %  each, owing.to 
the slow rate of hydrolysis of the adjacent pepbide bond; 
tyrosine and nethionine both decreased in value but no 
correction was ' ade as only small amounts were detected in 
the flagellins studied. At least 3 hydrolyses were run for 
each flagellin represented. Table G presents calculated 
values for amino acid compositions of E. coli flagellins 
based on a molecular weight of 40,000 and on the mcleculhr 
weight obtained from polyacrylamide gel electrophoresis.
All flagellins analysed had a hi.gl proportion of aspartic 
and glutamic acids (or amides), threonine, serine, glycine 
and alanine ; little tyrosine, phenylalanine, niethionine 
and proline; little or no histidine. Cysteine and 
tryptophane wore presumed not to be present. The amount 
f.f r.ethionine varied (of importance v/h.en cyanogen bromide 
cleavage is studied), and ranged from P-6 in number for a 
molecular weiglit of 40,000. It is notable that the number 
of cyanogen bromide fragments obtained agrees better if a 
molecular v/eiglit of 40,000 is taken rather than the 
calculated values.
As a measure of the degree of relatedness'between 
flagellins the overall difference in amino acid composition 
has been expressed as (McDonough., 1963) . here is 
taken as the sum of the differences, irrespective of sign, 
in the number of amin^ acid residues for the two flagellin 
molecules. Table 7 gives values of A. for E- coli 
flagellins, and between .riagellins of E. coli compared 
wit], those of Bacillus subtilis 168, 8 aim one] la SL 736 
and Proteus vulgaris ECTC 10090. Values of ^  were 
calculated on the basis of each flagellin having a 
molecular weight of 40,000. Table 8 shows values of 
£our separate amino acid analyses of the same preparation 
of E. coli K12 flagellin; all are less than 16. A  ranges 
from 22-109 for E. coli flagellins with those derived 
from flagella of the same surface structure morphotype 
often showing close similarity. For example, A  =23 for 
NCTC 9113 and EOTC 9079 (morphotype D f l a g e l l i n s ) =24 
for NCTC 9043 and NCTC 9084 (morphotype C flagellin^k = 
33 for NCTC 9004 and NCTC 9066 (mcrphotype B flagellins).
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TABLE 6
Amino acid compositions of E .coli strains expressed as the number 
of residues for a molecular weight of 40,000 and for calculated 
molecular weights.
AMINO ACID RESIDUES IN FLAGELLINS
m.wt.oi 4uyUULM NCTC NCTC NCTC NCTC NCTC NCTC NCTC06 wue 
ated value * |9C 9002 9004 9056 9045 9054 9066
both reduced 
by 10^ ■ )
KO 64 40 57 40 45.5 40 68 40 55 40 56 40 46
AMINO ACID
as p 64 102 62 52 61 66 64 109 57 78 58 81 65 75
thre 45 69 27 25 58 41 48 82 55 48 54 48 55 58
ser 57 59 50 28 58 41 56 61 51 45 52 44 55 40
glu 26 46 45 59 59 42 51 55 41 56 58 55 58 44
pro 6 10 5 5 5 5 4 7 6 9 8 11 5 6
giy 54 55 29 26 50 55 51 55 55 46 28 59 29 55
ala 56 86 55 48 48 52 42 71 45 59 41 57 45 52
val 27 41 29 27 55 56 24 41 25 52 26 56 29 55
meth 2 5 4 4 2 2 5 5 5 4 5 4 2 2
ileu 21 55 25 25 19 20 24 41 22 50 25 55 22 25
leu 25 40 54 52 50 52 20 54 52 44 55 46 54 59
tyr 8 15 5 4 5 5 7 12 7 10 7 10 5 6
phe 6 10 8 7 8 8 6 10 7 10 8 12 8 9
his 1 1 O: 0 2 2 1 2 1 2 2 2 1 1
lye 24 58 21 19 20 22 20 54 26 55 25 55 20 24
arg 8 15 12 11 7 8 6 10 12 17 11 15 7 8
cys - - - - - - - - - - - - - -
try - - - - - - - - - - - - - -
TOTAL 1588 619 585 548 585 415 567 625 579 525 577 526 578 455
TABLE 6 fcontd.)
156
M.Vt.of 40,0 
& the calcul 
ated value 
both reduced 
by 10^
OC AMINO ACID RESIDUE! IN FLAGELLINS
>
N(
9<
40
TTC
)79
55
N(
9-
40
:TC
m
55^
NC
9Î
'40
}TC
?63
65
N(
"9!
40
ITC
)66
55
N(
AO
]TC
16
46 .5
NC
86
40
m
>66
58 40
C12
57
AMINO ACID 
asp 58 80 59 79 74 116 60 80 51 59 57 85 65 95
thre 57 51 44 59 47 74 44 58 22 25 45 62 47 67
ser 52 40 55 44 51 49 54 45 21 24 57 54 27 58
glu 56 50 59 52 26 41 56 48 55 40 56 70 55 47
pro 4 5 5 4 4 6 2 5 11 15 6 10 5 7
giy 51 45 51 41 56 57 55 44 55 40' 41 59 58 54
ala 45
25
62 45 60 45 71 48 64 41 47 44 64 48 68
val 54 25 55 19 50 25 55 27 51 25 56 28 40
meth 5 4 5 4 4 6 5 4 6 7 2 5 2 5
ileu 21 29 24 52 22 55 25 50 23 27 26 58 21 50
leu 29 40 50 40 26 41 50 40 55 58 28 41 50 45
tyr 6
8
8
10
6
7
8 9 14 7 9 9 11 7 10 9 11
phe 9 8 12 11 14 12 14 12 17 4 6
his 1 1 0 0 1 1 2 2 4 5 1 1 0 0
lys 26 56 22 29 26 41 25 50 25 50 22 51 20 28
arg 11 16 11 15 9 14 15 17 9 11 7 10 10 15
cys - - - - - - - - - - - - - -
tryp - - - - - - - - - - - - - -
TOTAL 575 509 382 509 587 608 594 521 564 422 594 579 386 548
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Flagellins from morphotypes B, C and D all appear to be 
closely related, v;itb A  ranging from 26-77* Balm on el la 
SL 736 flagellin appears to be closely related to those 
of E. coli norpl 10types B, C and J) with A, ranging from 
2-4-18 as does the flagellin of P. vulgaris NCTC 10020, 
with A  ranging from 11-61. Bacillus subtilis 168 
flagellin does not appear to closely resemble any' of the 
E. coli flagellins; the lowest value of is 66 when 
compared with NCTC 9002.
d. The absence of E-lT-methyl lysine in E. coli flagellins.
Flagellin hydrolysates, in distilled water, were 
run with a suitable NML positive hydrolysate on paper 
electrophoresis at pE 5-5- BML appeared as a band between 
arginine and histidine, which ran slightly faster, and 
lysine, which ran slightly slower. At this pH NML migrated 
to the cathode during electrophoresis. The NML"*" hydrolysate 
was suitably diluted with an NT-'IL*' hydrolysate to show 
that 1 residue of NML could be detected by this method.
Using this method none of the 14 E. coli flagellins were 
found to contain NÎFL (see figure 27).
Quantitative amino acid analysis using buffer Cp 
instead of C^ (see methods section) to detect NML 
separate from lysine revealed an a^sence of NML in E. coli 
K12, NCTC 9ÔÔ1, NCTC 9C02, NCTC 9G66 and NCTC 9113 
flagellins.
e. C-terminal a^ino acid sequence.
Only In-; amounts of amino acids were released when 
E. coli flagellins were treated with carboxypeptidase A. 
However on treatment with carboxypeptidase B or a mixture 
of carboxypeptidases A and B amino acids were released in 
specific amounts as detected by quantitative amino acid 
analysis using the analyser. Typical results are shown in 
table 9 for E. coli NCTC 911p. A shoulder appeared with 
the serine peak, and on mild hydrolysis of a sample with 
2 N ECl for 3^ hours at IIO^C (as opposed to the usual 
hydrolysis in 3 N ECl for 24 hours),'the shoulder 
disappeared and an increase in the aspartic acid peak was 
observed. Tl..e shoulder was assumed to be due to the presence
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TABLK 8 '
SumiDed differences in the number of amino acid residues per molecule 
(Zs) between separate analyses of the same preparation of E. coli K12 
flagellin, assuming a molecular weight of 40,000.
K12
a
K12
b
K12
c
K12
d
K12a - 16 16 13
K12b - 16 14
K12c - 13
K12d -
TABLE 9
Peak area ratios of amino acids released by carboxypeptidase B digestion 
after various incubation times for E. coliNCTC 9113 flagellin.
PEAK AREA RATIOS* AT VARIOUS INCUBATION TIMES
AMINO
1 ACID
nin. 15 min. 30 min. 1 hour 5 hours 5 hours
!
1 ser. - - 0 .26 0.23 *1.25 2.05
ala. - - - - - 0.32
val. - - 0.17 0 .16 0.45 0.96
leu. 0.37 1.96 1 .86 2.17 2.23 2.21
lys. - - - 0.18 0.25 0.22
arg. 1.00 1.00 1.00 1.00 1.00 1.00
A shoulder appeared on the serine peak which probably represents 
asparagine.
^Ratios were all relative to the C-terminal arginine peak.
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Figure 27. Electrophoretogram showing the separation 
of amino acids and the detection of E-N-methyllysine 
apart from lysine in flagellin hydrolysates.
Flagellin source.
1 : E. coli NCTC 9001.
2: E. coli K12.
3: Proteus morganii (nml^ strain). 
4: Proteus morganii (nml strain). 
5: E. coli NCTC 9113.
E-N-methyllysine band arrowed.
Ii'I(til'
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of asparagine and appears in the correct position tic 
trace for this arino acid. ?ho C-ter^inal arino acid 
sequence is pru uah 1 j/ : -
- - - (ala-asn-lys-) vai-ser~1 eu-leu-argCG^h
The ainino acids in brackets are only tentative suggestions, 
as residual activity still present in the carocxypeptidase 
E-DFP preparation may becone an important consideration 
with longer periods of digestion.
Other E. coli flagellins, NCTC's 90C2, 9004, 9036, 
9043,9054,9066, 9079,9963, 9966, 86, NCIB 8866 and K12 
gave sinilar C-terminal sequences together with Sal'~.onel^  c 
(antigen i) SW 1180 and Salmonella (antigen g,s,t)
SL 736 flagellins. McDonough (unpublished results) also 
indicates that several Salmonella strains have the C- 
teiTiiinal sequence - - - ser-leu-lou-argCO^K. Dor several.
E. coli flagellins, notably those of NCTC's 9002, 9004,
9001 arid 86, glycine replaces alanine in the sequence. With 
flagellins of hCTC’s 9001, 9002 and 9004 the arginine peak 
was often lower than expected even on digestion with a 
mixture of carboxypeptidases A and B; in all three cases 
longer digestion times were needed and the peaks on the 
trace were lev;. Arginine is generally a broad peak and 
possibly the values were underestimated when the peaks were 
measured.
f. 11-terminal airdno acid determinations.
Dansylation of flagellins from E. coli hCTC's
9001, 9002, 9004, 9036, 9043, 9034, 9066, 9079, 9113,
9963, 9966, 86, NCIB 8666 and K12 followed by hydrolysis 
and separation of the products by chromatography or 
electrophoresis, demonstrated conclusively that alanine 
was the N-terminal amino acid. This was also found for 
Salmonella SL 736 (antigen g,s,t) flagellin. then the 
hydrolysis products were separated other spots appeared as 
well as the alanine derivative; dansyl hydroxide (DNS-OH), 
dansyl amide (DNS-NH^), E-dansylated lysine and 
0-daiisylated tyrosine. With polyamide sheets, the alanine 
spot was indistinguishable from DNS-I'^g even when the 
third solvent (ethylacetate:methanol:acetic acid (20:1:1v/v) 
was U8od)but they could be separated using electrophoresis
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1
at pE 1.9- -he DITS-CH fluoresced blue while all other spots 
fluoresced green under U.V. light.
r. Comparison of peptide maps.
E. coli flagellins were digested with trypsin under 
controlled conditions. In completed digests a precipitate 
of undigested "core material" was evident and the 
solution became gelatinous and viscous. The precipitate 
was removed by centrifugation. When digests were spotted 
on chromatography paper and subjected to descending 
chromatography followed by electrophoresis, very 
reproducible peptide maps were obtained. Electrophoresis 
was run at either pE 6.5 or pE 1.9 but all the fingerprint 
maps represented here were run at pE 1.9 for comparison 
purposes. Tryptic peptide maps were made for flagellins 
from E. coli strains ECTC 9 0 0 1 , 9 0 0 2 ,  9 0 0 4 ,  9 0 4 3 ,  9 0 3 4 ,  9 0 6 6 ,  
9079, 9113, 9 9 6 3 ,  9 9 6 6 ;  ECIB 8 6 6 6  and K 1 2  (see figure 28 ) .  
If the maps were compared visually several spots were more 
or less similar in their chromatographic and electrophoretic 
mobilities. Slight changes in the position of such spots 
between flagellins can be attributed to the appreciable 
effect of the substitution of one amino acid for another 
in sinilar peptides. The extent of this change depends on 
the amino acid substituted. Digure 29 represents some of 
the common peptide spots from E. coli flagellins; spots 
labelled 1-7 appear tc.be common to all cyanogen bromide 
C fragments (see later) and are present in trj-ptic maps 
o: all flagellins studied. Some 01 the flagellins from 
flagella of common surface structure morphotypes have very 
similar fingerprint patterns, such as those of ECTO’s 
9043 and 9034, and of ECTC 9 0 0 1  and N C I B  8 6 6 6 .
Trypsin cleaves protein chains on the carboxyl side 
of either lysine or arginine residues, hence the number of 
arginine and lysine residues in the protein should be 
approximately equal to the number of peptides represented 
031 the tryptic maps. The maps show about 39 spots which is 
in reasonable agreement with the total number of arginine 
and lysine residues calculated for a molecular weight of 
40,000, but not with the total number calculated for the 
i.'Olecular wei-hts determined from SDS polyacrylamide gels.
ilI. f'i
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Figure 28. Tryptic peptide maps of flagellins isolated 
from filaments of different Escherichia coli 
strains.
E l e c t r o p h o r e s i s  ( p H  1.9)4-
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Source of flagellin(morphotype)
A: E. coli MCTC 9002 (A).
B: E. coli NCTC 9004 (B).
C: E. coli NCTC 9066 (B).
D: E. coli ECTC 904$ (C).
E: E. coli NCTC 9054 (C).
F: E. coli K12 (C).
G: E. coli NCTC 9079 (D).
H: E. coli NCTC 9113 (D).
I: E. coli NCTC 9001 (E).
J: E. coli NCIE 8666 (E).
K: E. coli NCTC 996$ (F).
L: E. coli NCTC 9966 (tJ).
M: E. coli NCTC 90$6 (U).
Y= peptide spots which gave an initial yellow
colour and indicate the presence of N-terminal 
glycine or amide residues.
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Figure 29. ' The tryptic peptide spots which
are common to several Escherichia coli flagellins, 
as observed on fingerprint maps.
o
(3)
a>
0 Û
0
0
0
Spots 1-7 are common cyanogen bromide 
*C’fragment spots (see later).
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Perhaps in the latter case the missing arginine ejid lysine 
residues renained in the insoluble "core material" after 
digestion with trypsin.
9 . Fragmentation of E. coli flagellins with
' — "    ' "" " ■" "         ... ..
cyaiio !ren bror i d e.
a. Polyacrylamide p;el electrophoresis.
Electrophoresis rf crude cyanogen bromide digests 
in polyacrylamide gels revealed a series 01 faster 
running bands relative to the sai’ple .flagellins. Digests 
had different numbers of bands depending on the number 
of methionine residues in the protein, and bands within a 
digest were not of uniform intensity. Flagellins belonging 
to a common surface structure morphotype often had 
similar if not identical fragmentation patterns; such as 
those of NCTC's 9004 and 9066 (morphotype B), NCTC's 904$ 
and 9054 (morphotype 0) and NCTC'.s 9113 and 90?9 
(morphotype D). . K12 flagellin, however, had a different 
pattern from others of the C norphotype group.
b. Separation of digests on Sephadex and Sephacell.
Freese dried digests, taken up in formic acid, were 
chromatographed on sephadex columns; sephadex G79 was used 
to separate larger fragments and undigested flagellar 
material and sephadex G90 was used to separate smaller 
fragments. The eluted fractions were collected and 
monitored on pE 2.? gels. Often refractionation vms needed 
to obtain pure fragments particularly when separating 
fragments of similar mobilities and size. Generally the 
order of fragments on gels was according to the order of 
elution from columns with larger fragments appearing first, 
only migrating a short distance on gels, and smaller . 
fragments eluting last from columns while migrating further 
on gels. With .K12 flagellin, the three fragments termed 
A, B and C in order size (see later) appeared in the order 
A, C and B on gels. Fractionation of digests from 
flagella of E. coli NCTC's 9001, 9002, 90$6, 904$, 9066, 
911$, 996$, NCIB .8666 and K12 were attempted with pure 
fragments obtained from NCTC's 9001, 9066, NCIB 8666 ana 
K12. The fragments isolated were termed K12 A, B ana C,
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NCTC 9001 A and C, NCTC 9066 C and NCTB 3666 C (see 
figure $0). Digests with a large number of fragments were 
difficult to separate even after several fractionations.
DEAE cellulose (Sephacell) ion exchange resin 
columns were also used to separate smaller fragments from 
partially fractionated digests, ^or this system samples 
had to be water soluble so crude digests could not be 
fractionated'directly.'
c. Molecular weights of fragments.
To assess the molecular weights of cyanogen bromide 
fragments from different flagellins, whole digests were 
run on SDS gels at pF 8.9 with IP.9, 19 or POf< acrylamide 
content, and compared to marker proteins of known 
molecular weights as detailed in section 8b. ‘"'igure $1 
shows a representative set of gels for CNBr digests of 
E. coli NCTC's 9001, 900P, 9004, 90$6, 904$, 909^, 9066, 
9079, 911$, 996$, 9966, 86, NCTB 8666 and RIP. "olecular 
weight values reported ("’able 10) are the average of at 
• least four determinations with deviations of less than 4f'. 
For some flagellins’, suggested molecular weights of 
fragments are underlined while for others it is uncertain 
which of the bands represented true fragments. îTolecular- 
weights of the separated fragments are as follows
K12: A - 26,900; B - 19s900; C - 12,200
A - $0,100; B - 20,900; C - 12,600
C - 12,200
C - 1$,000
It is notable that for all flagellins studied there 
is a fragment equivalent in size to the K12 C fragment; 
other fragments also have equivalents in some flagellins
such as those with a molecular weight of about 7,000 and
10,000.
d. Amino acid compositions of fragments.
Amino acid values were corrected as described in 
section 8c for 24 hour hydrolysis times. Compositions of
various cyanogen bromide fragments are given in table 11 
calculated from the molecular weights obtained from SDS 
polyacrylamide gels. No methionine was detected in the
fragments as cyanogen bromide treatment converts meohionine
NCTC 9001 
NCTC 9066 
NCIB 8666
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Figure $0. Polyacrylamide gel electrophoresis 'ten at 
pH 2.7 of ) a cyanogen bromide digest of Escherichia 
coli NCTC 9001 flagellin, 2) the separated A 
fragment of E. coli NCTC 9001 flagellin, and 3) the 
separated C fragment of E. coli NCTC 9001 flagellin.
Fragment
A
B
C
. .'.V,
. ' f 0
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Figure 31. SDS polyacrylamide gels (20# acrylamide 
content)run at pH 8.$^ of flagellin cyanogen bromide 
digests from different strains of Escherichia coli.
Protein source.
1: Marker proteins:- bovine serum albumin, 
catalase, ovalbumin, trypsinogen, 
ySlactoglobulin, lysozyme and cytochrome C
2: E. coli NCTC 9002 H4 (A).
5: E. coli NCTC 9066 H29 (B).
4: E. coli NCTC 9004 H9 (B).
9: E. coli NCTC 9049 H2 (C).
6: E. coli NCTC 9094 H2 (c).
7: E. coli K12 H48 (C).
8: E. coli NCTC 9079 H40 (D).
9: E. coli NCTC 911$ H21 (D).
10: E. coli NCTC 9001 H7 (E).
11 : E. coli NCIB 8666 (E) .
12: E. coli NCTC 996$ H26 (F).
19: E. coli NCTC 9036 H9 (u).
14: E. coli NCTC 9966 H39 (U).
19: E. coli NCTC 86 H10 (C).
H = serotype number: (__)= morphotype.
175
t a  I i l
. 1
4#'E
176
a
9EH
00
+>
g
od
< s
0)
TJ
•H
I
C
U )
os
&
w
o
m4a
"&
•H
0)
g
o
rH
g
I
%
g
CO
O
*
h -KN
VÛ
tf\OJ
ITS
*
CM
CM
CM
•
CTn
O•
K >
CM
a
t - -
rr\
v£>
*
CM
T j-
tOv
•1r
m
CM
O
Ocr\
o
O -o
ON
Ü
ë
;z;
m
V )
V£>
O
CTs
Ü
8
%
o
o
CM
*
00hT\
o \
CM
iTi
»
K \
CM
00
00
00
CM
Oir>
ITv
•
c r \
h f \
K \
ir\
CM
CJN
<7\
VO
CM
m
o
KV
o
«
o CO
*
9
CJv
K V
00
CTV ■
o
o
KV
o
<JN
g
o
%
(T \
ON
00
VO
O
ir v
O
CTV
o
B
»
irv
»
m
CM
CM
O
CM
5
00
0 |
• l
CM
CM
O
VO
CO
* o
ON
I
0
1
CO
»
o
K\
CM
a
irv
< o
*
CM
KV r- VO
r~ o VO
»- o VO
d s Ov CO
CD b A
B B O
% a %
CO
K >
rr\
K V
9
CM
ir v
«
VO
KV
o 
- «
( X
CM
t - *
CM
CM
»
00
00
CM
ir v i• I
VO
CD
CM
CM
COKV
KV
CM
O
CM
O
CO
IfV
«
CM
KV VO
VO KV
CTV O d v
o \ o\ (TV
O o o
EH
O B B
25 25 %
irv
VO
KV
VO
CM
irv
T)-
CM
CM
VO
CM
I
a
177
TABLE 11
Amino acid compositions of E> coli flagellin cyanogen bromide 
fragments »
AMINO ACID COMPOSITIONS OF FRAGMENTS WITH MOLECULAR WEIGHTS
IN BRACKETS
AMINO K12 A K12 B K12 C
NCTC 
9001 A
NCTC 
9001V G
NCTC 
9066 C
NCTC 
8666 C
ACID (26,900) (15,500) (12,200) (30,120) (12,600) (12,200) (13,000)
asp 54 29 16 37 25 20 15
thre 29 . 20 13 39 12 9 10
ser 15 6 10 28 10 11 • 11
glu 19 9 14 30 10 13 12
pro 3 3 0 5 0 0 0
giy 26 18 10 24 11 8 11
ala 35 17 15 41 13 12 15
val 19 11 7 19 7 7 7
ileu 14 11 7 • 19 8 10 13
leu • 19 9 10 20 9 10 11
tyr 4 5 2 9 2 1 2
phe 2 3 1 7 1 2 2
his 0 0 0 1 0 0 0
lys 15 8 5 17 6 5 5
arg 6 1 5 5 5 6 5
total 258 150 115 301 119 114 119
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ultimately tu homoserine. TToriioserlne can be detected on the 
amino acid analyser but as it was eluted from the ion 
exchange column close to glutamic acid and was present in 
such small quantities it was difficult to resolve. One 
residue of homoserine was expected in each fragment, 
except for the C-terminal fragment of the flagellin 
molecule (see later). The four C fragments represented,
K12 0, NCTC 9001 C, NCTC 9066 C and NCIB 8666 C all have 
closely comparable amino acid compositions as well as 
similar molecular weights. They have no proline or 
histidine; either one or two phenylalanine or tyrosine; 
either five or six each of lysine and arginine; and 
relatively high proportions of aspartic and glutamic acids 
(or amides), threonine, serine and alanine. KIP A and 
NCTC 9001 A fragments show similarities, both containing 
high proportions of aspartic and glutamic acids (or amides), 
threonine, serine, glycine and alanine, but the relative 
numbers of each amino acid varied considerably. 'Tie K12 B 
fragment has a high proportion of aspartic acid (or amide), 
threonine, glycine and alanine, and notably only one 
arginine. The ai:;ino acid composition of K12 flagellin (for 
a molecular weigho of 97,000) and the summed composition 
of the K12 cyanogen bromide fragments (total molecular 
weight of 9 4,COO) show close agreement (table 12) with a. 
value of 39 (see section 8c).
0 . , C-terninal ino acid sequences of fragments.
The C-terminal amino acid sequences of the K12 A,
B and C, NCTC 9001 A and C, NCTC 9066 C and NCIB 8666 C 
flagellin fragments were determined by digestion with a 
mixture of carboxypepti.lajse-s kand B. Amino acids were 
released'in specific amounts as detected by quantitative 
amino acid analysis using the analyser. During cyanogen 
bromide digestion the protein is cleaved at methionine 
residues on the carboxyl side and methionine is chemically 
modified ultimately to homoserine, ronoserine is detected 
on the analyser and elutes between serine and glutamic 
acid from the ion exchange column. Table 1$ shows typica^ 
sets of results obtained for the K12 fragments after- 
timed intervals,and the C-terninal sequences are probably
179
TABLE 12
Comparison of the amino acid compositions of the E. coli flagellin and the 
summed amino acid composition of the K12 cyanogen bromide fragments.
AMINO
ACID
AMINO ACID
(molecular
COMPOSITIONS 
H WEI GETS
K12 *
FLAGELLIN
(57.000)
K12 CnBr 
FRAGMENTS 
(54.600)
asp 93 99
thre 67 62
ser 38 31
glu 47 42
pro 7 6
ffly 54 54
ala 68 65
val 40 37
meth 3 2
ileu 30 32
leu 43 48
tyr 11 11
phe 6 6
his 0 0
lys 28 28
arg 13 12
cys - -
tryp - -
total 548 535
table' 1 3
Peak area ratios of amino acids released by digestion of E. coli 
K12 flagellin cyanogen bromide fragments with a mixture of 
carboxypeptidases A and B.
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AMINO
ACID
PEAK AREA RATIO* k]
d.--------  TTH O A S. I? VARIOUS INCUBATION TIMES
2 min. 5 min. 30 min. 5 min. 20 min.
-------^
30 min.
K12 C 
30 min.
asp - - 0.28 - — — ' —
thre - - - - 0.55 0.87 -
ser 1.39 2.80 2.24 - 0.93 0.96 2 .40^
homo 1 .00 1»00 1.00 1.00 1 .00 1 .00 -
giy - - 0.47 - 0.11 0.47 -
ala - 0.79 0.74 - 0.19 0.31 0.66
val - 0.41 0.64 0.14 0.89 1.04 1 .20
leu - - 0.51 - 0.19 0.25 2.50
ileu - - - - - 0 .37
tyr - - 0.36 - 0.17 0.24 -
lys - 1.24 0.85 - 0.15 0.17 1 .06
arg - - - - - — 1 .00
Ratios were relative to homoserine for fragments 
A and B or relative to arginine for fragment C.
A shoulder appeared on the serine peak which 
probably represents arginine.
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a
as follov.’s:-
-K12 fragment A
1 A — 1 V R  — R AT»—- - - val-ala-lys-ser-ser-methCO^H
K12 fraglent B
- - - thre-ser-val-methCO^Rf
K12 fragment C
- - - val-ser-len-leu-argCOpH
The sequence of amino acids beyond those 
represented were difficult to ascertain as the digestion 
process becomes less efficient with time, and as residual 
endopeptidase activity, still present in the carboxy- 
peptidase DFP preparations, is an important consideration 
for longer periods of digestion.
The ITCTO 9001 A fragment gave a similar amino acid 
sequence to the . K12 A. fragment and the NCTC 9001, ÎTCTC 
9066 Eind NCIB 8666 C fragments all gave similar sequences 
to the K12 C fragment. A large molar quantity of the C 
fragments was needed to give large enough amounts of amino 
acids for detection on digestion with carboxj^eptidase; 
this often introduced impurities, and notable extra pealTS 
which were frequently large appeared on the amino acid 
trace from the analyser where buffer changes occurred 
during the analysis programme. This perhaps indicated that 
during a buffer change ext-aneous material was washed-off 
frcrra the ion oxcl ange column. These extra peaks were also 
seen in control sa* pies containing protein but nc enzyme 
to digest it. Txtra peaks were also seen but to a lesser 
extent with the larger fragments.
f. ::-terminal amino acid determination of fragments.
Dansylation of various E. coli flagellin cyanogen 
bromide fragments followed by hydrolysis and separation of 
the hydrolysis products by electrophoresis at pF 1.9, gave 
unclear results. In addition to the DFS-OF, DFS-FHp, 
E-dansylated lysine and 0-dansyleted tynosine bands observed 
on the electrophoretogram, 'other faint bands corresponding 
to dansjlated amino acids were visible. The method was not 
as sensitive as hoped even using relatively large amounts
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of protein (about 1 ir<-). '"l-,e tentative ’’-terminal avino 
acids of t)ie "ra-'-ents examined are as fo],lov:s:-
Strain Fi'ap"ier.it "'-terminal amino acid
K12 A tyrosine
K12 B alanine
K12 C glycine
NCTC 9001 A serine
NCTC 9001 C glycine
NCTC 9066 c glycine
NCIB 8666 ; G glycine
g. Comparison of the peptide maps of fragments.
E. coli flagellin cyanogen bromide fragments were 
digested with either tr^ q^psin or thermolysin. Completed 
digests were spotted on chromatography paper and 
subjected to descending chromatography followed by 
electrophoresis at pH 1-9- Digestion with thermolysin was 
not pursued but finger-print maps were reproducible and 
showed discrete spots. Tryptic peptide maps were made for 
K12 a , B and G fragments; ITCTC 9001 A and C fragments;
ÏÏGTC 9066 C fragments; NCIB 8666 C fragment (figure $2). 
Maps of the four C fragments when compared visually 
appeared to be similar, with 10-12 spots present on each 
map. Tr\p)sin cleaves proteins on the cai-bozyl side of 
arginine and lysine residues and hence the total number of 
ai'ginine and lysines in the fragment represents the number 
of peptides expected. Amino acid analyses (see section 9d) 
indicate the presence of 10 or 11 lysine and arginine 
residues for the 0 fragments which is in good agreement 
with the number of peptides observed. Figure 3$ shows a 
composite diagram of the spots on maps of the four C 
fragments. All contain spots labelled 1-7; spots 11 and 12 
are common to NCTC 9601, NCTC 9066 and NCIB 8666 0 
fragments; spot 1$ is common to NCTC 9001 and NCTC 9066 
C fragments; spots 8 , 9  and 10 are imique-to the K12 C 
fragment; spots 14, 1$ and 16 are unique to the NCIB 8666 
C fragment; spot 17 is unique to the NCTC 9066 fragment; 
spot 18 is unique to the NCTC 9001 fragment. NCTC 9066 and 
NCTC 9C01 C fragments have the same number of peptide spots 
with one spot different on each map.
The two A fragments from" K12 and NCTC 9001
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Figure 32, Tryptic peptide maps of specific flagellin 
cyanogen bromide fragments from strains of Escherichia 
coli.
E l e c t ro p ho re s i s  ( p H  1.9)
Flagellin source; fragment.
A: E. coli K12; A fragment.
B: E, coli K12; B fragment.
C: E. coli K12; C fragment.
D: E. coli NCTC 9001; A fragment.
E: E. coli NCTC 9001; C fragment.
F : E. coli NCIB 8666; C fragment.
G: E. coli NCTC 9066; C fragment.
Y= peptide spots which gave an initial yellow 
colour and indicate the presence of N-terminal 
glycine or amide residues.
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Figure 33» A composite diagram showing the tryptic 
peptide spots of cyanogen bromide C fragments 
from four Escherichia coli flagellins, as observed 
on fingerprint maps.
&
e
%
Spots 2,3,9,15 and 16 showed an initial 
yellow colour, indicating either the 
presence of N-terminal glycine or amide 
residues.
E. coli K12 H4-8 (C) C fragment contains peptides 1-10.
E. coli NCTC 9066 H23 (B) C fragment contains peptides
1-7,11,12,13 and 1?.
E. coli NCTC- 9001 H7 (E) C fragment contains peptides
1-7,11,12,13 and 18.
E. coli NCIB 8666 H? (E) C fragment contains peptides
1-7,11,12,14,15 and 16.
H = serotype number, (_)= morphotype
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ilagellins show lev/ similarities when the peptides vjere 
compared visually. Perhaps this indicates that the 
corresponding region of the flagellin molecule contains 
the vai'.Lable part concerned with antigenic specificity.
Figure 34 shows a composite diagram of peptide 
spots' from maps of the three K12 fragments, fpots 1-10 
are C fragment peptides; spots 11-20 are A fragment 
peptides; spots 21-29 are B fragment peptides. Some of the 
spots appeared on the maps for more than one fragment and 
probably represent contaminant peptides as a result of 
incomplete separation of fragments. These spots were 
assigned to particular fragments on the basis of repeated 
mops and the overall strength of the spots. Spots W, 7, T,
Z and _1___probably represent extraneous amino acids rather 
than peptides.
Figure 35 shows a composite diagram of the peptide 
spots from maps of the ITCTC 2001 fragments. Spots 1-12 -re 
C fragment peptides; spots 13-20 are A'fragment peptides; 
spots 21-26 are presumed B fragment peptides. Spots 7, Y,
Z and 1 probably represent extraneous amino acids.
10. Depolymerisation of flagellar filaments.
Flagella preparations were routinely depolyrerised 
to their constituent monomers by either reducing the pF 
to 2 or by heating solutions to 60^0 in a water bath. 
Flagellar preparations at concentrations of 3-10 mg/ml, 
were*also depolymerised by bringing the final concentrâticr 
of the solution to 6 M with respect to guanidine hydrochlo­
ride in 0.85^ NaOl and 0.01 M phosphate buffer pH 6.6. The 
samples immediately changed from being turbid and opaque 
to being clear in appearance and the viscosity was reduced. 
They were then dialysed against several changes of 
distilled water before further use.
11. The attempted repolymerisation of flagellar 
filaments from monomer and seed solutions.
Attempts were made to repolymerise flagellar 
filaments from monomer and seed fragments (short lengths 
of filaments). Seed solutions (figure 3&) were prepared by
sonicating whole flagella samples and monomer solutions 
were prepared by acid depolymerisation of flageliin.
Figure 34. A composite diagram of the peptide spots 
from the three cyanogen bromide fragments of 
Escherichia coli K12 flagellin.
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Spots 1-10 - C fragment peptides; spots 2,3,9,10 and
11-20 - A fragment peptides; spots 12,13,14 and 21-29 
- B fragment peptides; spots W,X,Y,X,1 and 2-possibly 
amino acids.
Figure 33. A composite diagram of the peptide spots 
from the three cyanogen bromide fragments of 
Escherichia coli NCTC 9001 flagellin.
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Spots 1-12 - C fragment peptides; spots 1,7,8,12 and 
13-20 - A fragment peptides ; spots 21-25 - E fragment 
peptides; spots X,Y,Z,1 and 2 - possibly amino acids.
1 9 0
Figure 36. Seed fragments of flagella filaments 
from Proteus vulgaris NCTC 10020 produced by 
sonicating flagella solutions.
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Estimation-of protein concentrations were made using the 
Lowry-Folin method. Monomer concentrations of between
0 . 5 and 5 mg/ml were mixed in ratios from 5:1 to $0:1 
respectively. Monomer and seed solutions were prepared in
0.85# saline and 0.01 M phosphate buffer pH 6.6. 4n 
Ostwald type viscometer with a flow time for distilled 
water at 20^0 of seconds and a capacity of ? ml was used 
to detect any repolymerisation.
The method did not appear'to detect any 
repolymerisation even with high concentrations of monomer, 
as there was no increase in the apparent viscosity of the 
solution. The viscosity was monitored for up to 24- hours 
after the initial addition of monomer to seed, ^lagella 
from E. coli . K12 and Proteus vulr'aris NCTC 10020 were-used.
The aim of this study was to assess the ability of 
different flagella to copolymerise with monomer and seeds 
from other bacterial species and genera.
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DISCUSSION
f
The flagellar filaments of all bacteria studied 
were long and sinuous with three to four wavelengths per 
flagellun for rhe normal waveform. None of the filaments 
were surrounded by a conventional sheath, although some 
pQjrl flagella had what appeared to be a sheath, but is 
thought to be a continuation of protein from the core 
structure of the filament (Dawn, 1977). Detached flagella 
sometimes had hook regions and basal bodies at one end which 
appeared to resemble those observed by other workers, such 
as Abram, Koffler and Vatter (1965), Dowy (1965) and 
Nepamphilis and Adler (1971 a and b).
Bacterial mutants with altered flagellar waveforms 
were isolated. The nomenclature of waveform tjpes was 
generally according to Anakura and lino (1972), and Leifson, 
Car hart .and 'til ton (1955). Table 14 summarises these 
notations together with those of other authors. Many of 
t' e waveforms observed in this study are comparable with 
otiiers previously observed; for example curly mutants 
have been reported in Salmonella (Leifson and Hugh, 1953; 
lino, 1992 a), Chromobacte""ium (Leifson, 1956) and 
Sarcina species (Pijper and Abraham, 1954); straight 
mutants in Listeria (Leifson and Palan, 1955), Arthwbacter 
(Leifson, I960), Salmonella (lino and Kit^i, 1967) and 
Escherichia coli (Silverman and Simon, 1974a; Kondoh and 
Yanagida, 1975); from a curly strain of Salmonella 
abortus-ecui, five different shape mutants were described as 
heteromorphcus, small amplitude, para-curly, short and 
hooked curly (lino and Mitani, 1966); a polymorphous 
r.utniit of Salmonella t\phimurium with straight, normal 
and four types of curly wavef(^m, termed W, C, N and 8 
(lino, Cguchi and Kuroiwa, 1974). host of the curly 
waveforms described previously are equivalent to the 
curly TZL type, as shown in this study, although a curly
  type, called low amplitude,has beeui observed
(Leifson, 19690. Although the curly IZZ type filaments 
in this study appeared little different from curly IZ 
filu: cnts under the electron microscope, jhe.y fad a 
distinctly lower amplitude when stained and observed under' 
the Ij^ht microscope. A mutant possessing solely curly ZZ
TABLE 14
A summary of nomenclature used to describe the range of 
filament waveforms by different authors.
1%
WAVEFORM
NOMENCLATURE
straight straight straight
small amplitude
normal normal(I) W. normal
i l
coiled coiled
semi-coiled C? semi-coiled
curly curly(n) N curly I
low amplitude curly(Hl) S curly H
curly( n) M curly m
10
11
straight straight straight
a - Calladine (1978)
b - Leifson, Carhart and Pulton (1955)
c - Asakura and lino (l972)
d - lino, Oguchi and Kuroiwa (1974)
e - Kamiya and Asakura (197^*1977)
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filaments has not been reported before; these filaments
hav^ only been observed on polymorphous mutants (lino at aA -,
197^) or in repolynerised filanents/(Asakura and lino,
1972). Polymorphous revertants have been shown, to possess- ■ 
a variety of.filament shapes. lino eb reported
a Salmonella mutant where each cell generally had filaments 
of a single waveform, or^rarely, filaments of two different 
waveforms; Leifson (1060) liowever, illustrates polymorphous 
mutants with filaments containing one or more waveforms 
along their length as observed in this study. The selection 
of curly and long curly filamented revertants implies the 
ability to swim through Liedia to a limited extent. A 
likely explanation for this is that, the flagellar motor was
defective and rotation in the clockwise direction as ■
opposed to the normal counterclockwise direction was 
predominant. This could stabilise the filaments and allow 
the cell to swim (see hacnab and Ornston, 1977).
Various workers have suggested that pH conditions 
can cause, polymorphism of flagellar filaments (Leifson ejb 
al., 1955; Pijper) 1955 and 1957; Hoeniger, 1965a; Kamiya 
and Asakura, 1976 and 1977). Perhaps an element of 
polymorphism was introduced by using uranyl acetate at pH 
4 .5  in this study and possibly this accounted for the 
variation in waveform of the curly II type filaments. 
Ataining with potassium phosphotungstate at 7.4, however, 
made little difference to the ultimate waveform. Perhaps 
tj e curly :II* wavoForm was equivalent to the semi-coiled 
shape or the para-curly type described by lino and Mitani, 
(1966)1 it certainly is equivalent to the C-curly waveform 
of lino et al^(1974) who also used uranyl acetate as a 
negative stain for electron microscopy.
Leifson (1961) found that formaldehyde fixation can 
introduce po1ymorphism. It is riotaole that in this study 
fixation with formaldehyde introduced no more polymorphism 
than was observed with unfixed samples. The introduction of 
T,0P\^p.(2''^ phism from fixatives or 0 L<her environmental 
conditions could be nullified by observing filament shape 
.'.uto.nts under dan’k finld l?-ght microscopy (s^e Kamiya and 
Asakura, 1976 and 1977). lino and Mitani (1966) point out 
that whin filaments are prepared for electron microscopy 
b- bein- dried flat on copper grids, the wavelength of the
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sine wave increased by 50-50# compared bo the pitch of 
the helix of the natui'al filament, but the amplitude shows 
little difference.
Hon-cbemotactic, non~motile and non-flagellate
mutants iiave been observed before (see introduction). 
‘Presumed mutants of these types were not examined further* 
in this study.
Studies on the flagellins these waveform 
mutants are in progress (Baker, Mcfonough and Baker,
personal co'imunication) in order to compare the primai-y ' 
structure of the protein with that of the wild type. This 
is of particular interest as the flagellin of a straight 
mutant of Bacillus subtilis strain 168 has been found to 
contain a single amino acid substitution of valine for 
alanine compared to the wild type flagellin (Martinez, 
Tcliiki, Lundh _and ^ ronick, 1968). ' __
The surface structures observed in this study for 
filaments of Escherichia coli were as reported, by Lawn, 
Crskov and Orsk.ov (197?) who found six principle 
morphotypes, together with a few whi cli were unique to a 
specific strain, in a total of 50 E. coli strains studied. 
TltO filaments within each strain were structurally 
identical, and each clone of cells retained its 
characteristic surface structure.
If such a variety of 'filament surface structures 
could be seen within the genus Escherichi a, a sbudy of 
other bacterial strains and genera mighb reveal a similar 
variety of mo phftypes which has yet been unobserved. In 
this study tln*ee structural types are described, ^he C and 
h inorphotypes in E. ccAi have counterparts with filaments 
from otïier genera, and perhaps th'e filaments cf gerratja 
rnarcescens are like the B morphotype, but are less well 
defined. Filaments from E. coli morphotype C in parts show^ 
a hint of a lined structure along the length; this is also 
seen with their counterparts of other genera. E. coli 
strain NCTC 9966 filaments had definite similarities to the 
lined type in other bacteria. Perhaps the lined surface is 
like the E morphotype structure v/here the lined pattern 
represents small but regular loops arising at intervals 
round the filament. Characteristic appearances similar to 
those of morphotypes E and F in other genera of bacteria
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have been attributed to the presence of a separate sheath 
assembled over the conventional filament, such as in
(howy and Tanson, 1965^ Echmitt, r^ska 
and Mayer, 1974). Evidence that this is not like the case 
in filaments of^. colj. was proposed by Lavm (197?). Lot\%r 
and Hanson (1965) reported a sheath on filaments of 
—  ^ YA-E^ris of an unknown strain; these filaments
I’eseniole those of morphotype E and perhaps represent 
either an E. coli contaminant, or a strain of P. vulgaris 
with filaments containing a "sheath" as in E. coli strains. 
True sheaths have only been observed in polarly flagellated 
cells such as Pseudomonas (howy and Hanson, 1965) or 
Spirochetes (BolLa_ncLCa.nale, 1^ 6^ aiid have never been 
reported in members of the Enterobacteriaceae. rbe 
A morphotype of E. coli has no apparent counterpart in 
other bacterial genera even in filaments of a similar width 
or in filaments containing flagellin of a comparatively 
low apparent molecular v/eight.
Observations of filaments stained with potassium 
piiosphobungst•ite showed no apparent surface detail; this 
is in agreement with t'e reports of hcwy and Hanson (1965), 
r'Brlen and " ' nnett (1972) and Lawn e_b el_. (1977).
In bills study observations : i filaments from only 
one strain of each species is reported, with tl,e exception 
of E. coli. The possibility o  ^variabion between strains 
could therefore not be excluded, though it is worth noting 
tfab different species of Salmonella only showed filaments 
wit il morphotype D or G like structures.
Various workers have reported similar surface 
structure of flagella as found in this study; such as for 
Salmonella species (Kerridge, 1961; Lowy and Hanson, 1965), 
Bacillus species (Abram, Vatter and Koffler, 1966; Emith 
and Koffler, 1971) and Proteus vulgaris (Boi'/y and Hanson, 
1965). Bowy and Hanson (19650 also reported that filaments 
of Pseudomonas fluorescens had both beaded and lined 
structures; this agrees with the findings.of this study, 
but the lined structure was found to be predominant. Beaded 
filaments have also been observed in Beneckea, , 
Photobacterium fischerii (Allen and Baumann,1971), and 
Clostridium tetani (Betts and Joys, 19^8); lined filaments
i.n ocleiiomonas runrriantum (Cbialci'o ut, ul].ii' ant and owaid,
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1975) ; and oeaded and lined filaments in Vibri.o fetus 
(McCoy, Doyle, V/ilfberger-^  Burda and Winter, 1975) and 
Ds. rhodos (Lowy and Hanson, 1965).
^ode, Engel and Winklnair (1972) suggested that 
protein subunits of flagellin were ellipsoid in shape, and 
lauer ohirakibara and ^akabayashi (1979) proposed that the 
subunits were essentially wedge shapelwith four regions, 
designated C, I, M and E. Tn the model of Shirakihora 
and Wakabayashi, as detei’inined by 5-dinensional image 
reconstructi n  of flagellar filaments, the T and M regions 
may be important in giving flexibility to the beaded 
structure of C ncrpbotype-like filaments vAile the S 
region, which is not important in the packing of subunits, 
’ay give rise to the looping appearance seen in E. coli 
strains and possibly in the lined filaments as well.
Hence the 5-dimensional configuration of the protein is 
probably important in determining the ultimate structure o f 
tie i^ilarent. According to various models (see O’Brien 
and Bennett, 1972; Asakura, 1970; Calladine, 1976 and 1978) 
"'il a: ents only contain 11 longitudinal rows of subunits,
l.eace only certain regular surface patterns are likely to
 -_____________________________________________________________________
As a wide range cA surface structures had been
observed in flagellar filaments of E.^  coli, it was thought 
of interest to see if morphotypes could be interconverted. 
Tn thiis study attempts were made to select altered.’' 
fjlaoent surface details using antisera directed against 
filaments of a particular F serotype and morphotype. ITo 
bacteria with changed filament surface structures were 
observed however, except ^or mutants ITCTC 9C01 a?" and ay 
v;l i cl were assumed to be contaminated as they failed to 
ro-'.ct with antiseru- directed against the somatic antigens 
of hCTO 9OCI. A.e mutants obtained from both ’TTC 9001 
(mo"p^otype )^ (morphotype D) all had
reduced titres when tested against the antiserum they were 
ori&inally selected against. McDonough (1962) and Joys 
a:d Stocker (1965^  and 1966) observed essentially the same 
results; they selected nine spontaneous mutants of 
Eal-onella with altered’ Aagellar antigen i. Tamaguchi 
n.nd Tine (1969 and 1970) also isolated spontaneous mutants 
,->1 -almonella with altered' flagellar antigens of the 
t-'oo. Tn both cases peptide maps the flagellins revealed
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many peptide spots in common with the wild type and some 
wild üype peptides were replaced by now ones in the mutants, 
ihe reduction in antiserum titre in each case represented 
a loss of particular antigenic factors. Joys and Martin.
/y) found t]i,aL in five of the a.i. tore & Salmonelle. a .1.
antigen mutants, 28 tryptic peptides were found in the wild 
type v/nia.e the remaining one was replaced, in each mutant 
bj- a s.Lmilar out unique peptide amino acid sequence. Jour 
1..Ubants haa single amino acid substitutions due to 
transi tiona.. changes in the DITA and the other mutant had' a. 
deletion in the DBA which caused the removal of four amino 
acids. Further serological and peptide analyses of flagellin 
from serological mutants obtained in this study would 
probably reveal similar results.
From the model of Shirakihara and Wakabayashi (1979), 
to change the surface structure of, say an E to a C 
morphotyp>e, would entail an almost complete loss of the S 
region, as this region is presumed to form the looping 
structure of the E morphotype. This might either take the 
form of a loss of a sequence of amino acids in the 
polypeptide chain in the 8 region, or a replacement of 
particular ar-ino acids in such a way that the S region is 
absorbed into the M region. It is of interest tl-at the 
different surface structure morphctypes have a range of 
apparent molecular weight, with the looped structures of 
the E and F morphctypes being greater than 60,000, the C 
æfd D morphctypes between 50,000-60,000, and the A and B 
morphotypes between 55,000-50,000. Hence it w:uld seem less 
likely to find an interconversion between the surface 
structures of A and E morphctypes than between C and D 
morphotypes.
Tl.e use of procedures to select mutants from 
previously obtained reduced titre isolates were presumed to 
be advantageous in the selection of alteTe&: filament 
surface structural forms. This could be pursued in further 
studies by increasing the antiserum concentration in the 
selection medium in a step-wise fashion and thereby 
isolating a series of mutants with a decreasing affinity for 
antibodies to the original strain.
Scanning electron microscopy of bacterial cells was 
lased in conduction with transmission electron microscopy
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to observe the surface structure of flagellar filaments
frcrn E. coli. Uqj.ortunately, no filaments were observed 
except for short stubs on cells under the Stereoscan 
microscope. Twy- problems were encountered, firstly in adhering 
the cells to glass covorslips and secondly in finding cells 
wu..tr: flagella attached. Tlie agents used for dehydrating 
specimens for electron microscopy, such as graded series 
of acetone or ethanol^ denature flagella (see Asakura, 
dgucbi and lino, 1961; Edwards and Ewing, 1972) even 
apparently with cells fixed in formaldehyde for 24 hours, 
i'erbaps fixation for longer periods of time in 
•'orr aldehyde or other fixatives such as glut or aldehyde or 
osm-ium tetroxide right pr ve useful. Man son, Tedesco and.
Berg (1960) have recently presented scanning electron 
icrographs of rti'eptococcus strain V 4051 ; the cells 
v/ere allowed to settle on glass coverslips coated with 
protarine sulphate, were fixed for 20 minutes in 5# (v/v).
1'"' uteraldehyde before be'lng washed and postfixed for 10 
: inutes in 1# (w/v) os'iiur tetroxide. After extensive 
washing in distilled water the cells were dehydrated in '
acetone and critical point dried before being shadowed and 
.1)served. Using this method Manson et pd. found that normal 
cells hold an abundance of flagella attached,while others, 
vfrlc}: had been mechanically agitated, contained only
s ■ ’ o•’^_t 1^os o H I __________________  _^_
Several authors (Gard, Heller and Ueibull,1955;
Uoffle', 1957^ Ada, Uossal, Pye and Abbot, 1965 and 1964; 
Martinez, Brown and Glaser, 1967; Tchiki and Martinez,
1969; Longman, 1972) have found that flagellin has slightly 
different antigenic characteristics from the native 
flag ell no filament or the repolymerised forms. Ichiha. and 
Martiros describe the presence of up to four different 
antibodies against flagella and flagellin; antiflagellar
immobilising antibodies which are neutralised only^by___
flagella; antiflagellin antibodies which are neutralised 
o ly by flageliing antiflagellar antibodies that cross- 
react with flagellin; and antiflagellin'antibodies that^ 
are neutralised by flagella and flagellin. Hangman (1972) 
later found using haemqw&utination assays and Cuchterlony 
double diffusion gels, out.not with immobilisation inhibition 
teats, that antisera directed against flagellins of
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partrculaj:’ Sali on. en la ÏI antigens could cross-react with 
other antigens. For example, antisera i., d and 1,2 were 
found to cross-react with flagellins from i, d and 2^2 
antigen specific filaments and antiserum 1,2 was also 
found to cross-react with flagellin frerr f,g antigen 
specific filaments.
The results obtained in this study using antisera 
against flagellins of Galuonella SL 7J>6 (antigen rgs,t), 
Salmonella SW 1061 (antigen 1_^) and E. coli ITCTC 9001 
showed a complete lack of cross-reaction of the sera with 
unrelated antigens and serotypes; the sera only reacted 
with flagellar and flagellin material from a hor.clcgous 
source or with those containing antigens in common with 
the homologous flagella. Ferhaps the reasons for this vrerv 
that the concentrations o ^ antigenic materials were too low 
or f'at tl:e flagellins used to produce the sera contained 
some repolynerised flagella. Haeiiiagglutinaticn assays, -a 
used by Hangman (1772) i ''T  well slow cross-reaction between 
flagellins that Cuchterlony gels failed to indicate.
The values of molecular weights obtained for E. 
coli flagellins using polyacrylamide gel electrophoresis 
in the presence of SHS agree well with jthose obtained by 
Hawn (1977) and McDonough and Smith (1976). It is notable 
that flagellins from filaments of .similar morphctypes 
have compai’ablG apparent molecular weights; uhis would 
suggest that flagellin size might be a contributary factor 
in determining the surface structure of filaments.
Flagellins from particular morphctypes often showed a 
similar pattern of cyanogen bromide fragments on SHS gels. 
Molecular woigkts of the fragments generally added up to 
give totals close to the values obtained .-or uhe 
respective flagellins. Gome oi the i^'agments in difie.e^v 
flagellins were ho: clogous ; for example, a fragment w_. 
a T.ioloculor weight of between 12,000 -Ip,000 was preseno 
in all .F.agellins studied.
When using pciyac.-y-'r.ride 
containing CDr, a constant iindirg r.a;'3o of g
3I)3/s polypept-iclo) (fc.yriculhs and Tan ford, 1970a). -eynolds 
and Tanford (1970b) also suggested that under such condrti.''s 
the protein-3DS cor,piex t^pioaTlx assumes a rod-like 
coE.fi'-'uration whose length rs a unû.que function ou
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molecular weighk. The relationship was assumed to extend to 
riagellins and. hence the charge to mass ratio was taken as 
oeing constant. V/eber and ''shorn (1969) state that the 
relationship of tie migration of marker proteins on RHP 
gels gave a straight.line when plotted against the log o^ 
fnolecular weight. Other workers have suggested the 
relationship gives a sigmoidal curve (Neville, 197*1;
Williams, and Cratzner, 1971) with the acrylamide 
concentration of the gel governing the limit of the linear 
region.
Anomolous behaviour on SDS gels has been observed 
in polypeptides with unreduced suphydryl gioups, 
introduced cross-linking agents, highly charged groups, 
attached glycoprotein or carbohydrates, in proteins with 
configurational clianges and proteins that have been 
succinated or maleylated to solubilise them (see Banker 
and Cotman, 1972; Weber and Osborn, 1975)• "Liis is o^ten
attributed to the lower amount of RDB on a gi-am to gram
basis Vvliich binds to the protein. Ferguson (1964) suggested 
that the electrophoretic mobility of a protein is dependent 
on its free electrophoretic mobility( which describes the 
migration in al-sence of a sieving medium, and is a function of 
molecular charge and siz^ and varies with the retardation 
coefficient,^which depends on the acrylamide gel 
concentration^ Factors such as the choice of detergent, 
the buffer system and tlie presence o ^ urea in the SDS gels 
have recently been shown to affect protein mobility as
well (FugsJ,ey and Rchnaitman, 1979). Noel, Nik ai do and
Ames (1979) found that altered’ histidine transport 
proteins in : nitants of Salmonella had a cysteine residue 
substituted for an arginine at a site in the interior of 
the polypeptide chain; this caused the mutant protein to 
migrate on GDS gels as if the molecular v/eight appeared to 
be greater by about 2,000.
Perhaps the apparent molecular weights of the 
flagellins reported here are affected by anomolies in a 
similar way to those described. Some anomolous results 
have been reported for flagellins; '’auschel (19/lb) 
obtained a molecular weight of 1 5 ,'”00 v/ith the analjoical 
ultracentrifuge and 95,000 when using polyacrylamide gels 
for the flagellin of Rhodopseudomonas palustris; Sinon 
et al. (1977) noticed that if the flagellin of Bacillus
203
subtilis W25 is treated with 1# SDS at 100°C for 
1 i:jinute a molecular weight of 28,000 i.s obtained but if 
heated under the same conditions for 10 minutes a value of 
,000 is Obtained; Kondoh and Dotand (1974) reported that 
E. gpli K12 is heated in SDS at 100^0 or unheated, 
-values of GO,000 and 72,000 for the molecular weight were 
given respectively.
Tn this study, heat treatment made no difference 
to tlie results, although, addition of ^ mercaptoethanol to 
the marker proteins, but not the flagellins, made a 
difference to their electrophoretic mobilities. Tt is of 
interest that a plot of the square of the diameter of 
flagellar filaments against the respective flagellin 
molecular weights gave a straight line; this probably 
reflects the fact that the filament diameter is related to 
the size of the flagellin molecule and probably directly 
to the molecular weight, especially as factors such as 
high charge or presence of unreduced sulphydryl groups are 
un"''port,ant consideration for flagellins.
.\;iino acid compositions'of E. col_i flagellins were 
calculated on the basis of a molecular weight of 40,000 to 
enable cumpari.son with data from other bacteria, and. also 
for the presui led molecular weights as determined by 
polyacrylamide gel electrophoresis. Oomparison of the 
flagellins of E. coli strains revealed th.at those with 
common surface structures morphotypes generally had 
similar compositions, and flagellins from morphctypes B, C 
and D seemed fairly closely related, hany strains appeared 
to be highly dissimilar; for instance strains with higher 
apparent flagellin molecular weights and surface structures 
with loops at the edge of the filaments often differed/ 
greatly -from .flagellins possessing "ilaments v/itl'.out 
external loops. Tt is notable that on comparing amino 
acid compositions of flagellins from E. coli strains with 
those of other bacteria, many simi.lari.ti es were ooserved. 
Flagellins from Salmonella SH 756 and Proteus vulgaris 
. ITCTC 10020 appeared to be closely related to flagellins 
from rnorpl.otypes B, C and D of E. op2i,I nowever the 
flagellin of Bacillus subtilis 16S gave extremely high 
values of A. when compared to flagellins of E. colÿ and 
seemed mucli less related to them.
\ fzo4 #
Perhaps the comparison of amino acid compositions 
made on the basis of all flagellins having a molecular 
weight of 40,000 may not be very useful except that it 
reflects the relative amounts of each amino acid present.
If the molecular weights from polyacrylamide gels are 
correct uhe values oi A  between flagellins would be larger. 
Ideally a comparison of the amino acid sequence of flagellins 
would give a more accurate indication of any homologies 
between them.
No E-N-.cethyl lysine was detected in the E. coli 
flagellins studied as has been found in Salmonella 
species (McDonough, 1965). Spirillum serpens (Chang, Erovm 
and Glazer, 1969) and some Proteus morganii strains (Barr, 
1973; 9aker, 1981). This is of interest as the Salmonella, 
Proteus and Escherichia genera appear to be related in ^
terms of their DNA base composition, with guanidine and 
cytosine values generally between 50-53# (Hill, 1966).
Amino acid compositions of cyanogen bromide fragments 
were calculated from the apparent molecular weights 
obtained from polyacrylamide gel electrophoresis. The 
largest fragments analysed, the A fragments, from E. coli 
K12 and ITCTC 9001 had fairly similar molecular weights 
but had very different amino acid compositions. The K12 A 
frag' ent had nearly double the amount of aspartic acid/ 
asparagine td khe NCTC 9001 fragment, whereas the NCTC 9001 
A fragment had much highei' amounts of threonine, serine, 
glutamic acid/glutamine, tyrosine and phenylalanine. The 
smallest fragments analysed, the C fragments, from four 
E. coli strains had very comparable amino acid compositions 
as well as similar molecular weight values. The total 
composition of the three K12 fragments agrees well with 
the data for K12 flagellin with a A  value of 39. This is 
within the bounds of experimental error as the value for
A  between sei>arate a n a l ^ ^ _ _ ? ! ? _ 9 ? £ ________
Digestion of E. coli flagellins with trypsin 
revealed the presence of about 30 peptide spots. Joys and 
Ranhis (1972) identified 29 tryptic spots for Salmonella 
typhirurium (antigen i9 flagellin and determined their 
amino acid sequences, ^hese tryptic peptides accounted iox 
46.2# o-i the total amine acid residues present in the 
fla"ellin. Cther tryptic peptides probably resided in the
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insoluble core material which was centrifuged down before 
digests were spotted onto maps. This nay have been the case 
with E. coli flagellins as well.
Comparative trjqptic peptide naps ghowed that each
flagellin had a distinctive pattern with about 15 spots of
similar electrophoretic and chromatographic properties
which were common to most. Tryptic maps of flagellins with
similar fi.lament surface structures often were fairly
comparable with only a few spots different. It is
noticeable that the tryptic peptide maps of cyanogen
bromide C fragiaent from flagellins of E. coli NCTC 9001,
NCTC 9C6G, NCIB 8666 and K12 each had 7 spots in common
and a total of 10-12 spots. The combined number of Ivsine
■by
and aj:'gin]ne residues calculatedKamino acid analysis of th.e 
fragments is 10 or 11 which is in good agreement with the 
number of peptides observed. Many of the common spots on 
'flagellin tryptic maps are probably derived from an 
equivalent fragment to the C fragments described; this is 
supported by the fact that SB8 gel eD.ectrophoresis shows 
fragixonts equivalent in size to the C fragment in most 
flagellins. The cyanogen bromide A fragments from E, coli 
ITCTC 9C01 and K12 appeared to have little in common on 
comparison c-f thieir peptide maps.
hep.tide maps are extremely useful for characterising 
mutants closely resembling given flagellins (McDonough,
1962; Yamaguclji and lino, 1970) and for comparing flagellins 
fiv)n different strains and species. Use of different 
enzymes to digest the qirotein (see Baker, 1981) may give 
additional information particularly for localising 
specific changes iri closely related flagellins.
Th,e N-terminal aniino acid for most Gram negative 
bacterial flaaellins is alanine, for example Ero^teus 
species (Chang, Brown and Glazer, 1969; Barr, 1973)i 
Salmonella adelaide (Parish and Ada, 19^), other 
Ealmonella strains of the gyy antigen complex (Baker, 1981), 
Galmonella strains with non antigens (McDonough,
unpublished results) and ^lE. coli strains as determined 
in this study. For Gram positive bacteria alanine was 
P0ported at the N—terminal in Clos Lridi urn , étani (Betbs and 
Joys, 1978) but methionine for Bac ill us subti.lrs 168 
(Delange, Chang, Shaper and Glazer, 1976).
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All flagellins investigated, including those of 
£!• 22ÏÀ) have a common C-terminal amino acid sequence of 
at least - - - leu-1eu-argCO^H; for example those of 
Salmonella species (Parisl - and Ada, 1969;, McDonough, 
unpublished results; Baker, 1981), ]h?oteu_s species (Barr,
1975), Bacillus subtilis 168 (Delange et a^., 1976) and 
Clostridiim^ t^æii (Betts and Joys, 1978). The arginine 
released for soi: e E. coli flagellins appeared to be in 
surprisingly low amounts. This was usually seen where the 
amino acid quantiti.es released by ca?'boxypeptidase digestion 
were low presumably as the argipine peaks were broad and 
difficult to : leasure. Gome flagellins were certainly more 
easily digested with carboxypeptidase than others but the 
reason fo]' this is not knovrn.
When studying large proteins it is ofben an advantage 
to cleave them into large fragments initially with reagents such as 
cyanogen bromide (CITBr). With CNBr cleavage the number of 
methionine residues in the protein directly determines the 
number of fragments e:cpected. For E. coli flagellins the 
numbers of CITBr fragments ranged from 5 (NCTC ’ s 9001, 9004, 
9066,; K12 and NCIB 8666) to about 7 (NC'^ C's 9043 and
9054), which i:plies the presence of 2 to 6 methionine, 
residues respectively. These values agree better with the 
amino acid compositions calculated for molecular weights 
of 40,000 as opposed to the apparent moleculer" weiglits from 
8DG gel electrophoresis. Other worke-s have reported 4 
flagellin CNBr fragments for Gal.ionella adelaide (antigen 
f,g) (Parish and Ada, 1969), 4 for Salmonella strains 
containing the antigen complex (including ^g) (Baker, 
1981), 3 for Proteus vulgaris NCTC 10020 and 8 for Proteus 
rettgerii NCTC ?175 (Barr, 1975), 5 in Proteus m_ir^;ili^
(Bode and Glossman, 1972) and 8 in Bacillus subtilis 168 
(Chang, Brown and Glazer, 1976). Itese reported numbers of 
fragments generally' agree well with the nu /.bei. of 
methionines calculated to be present in flagellins with 
a molecular weight of about 40,000. oome Daciddugs 
flagellins can have up to 13 methionines present (Bimon, 
Emerson, Shaper, Bernard and Glazer, 1977).
From the results obtained for the C and N-terninal 
amino aci.ds of CNBr fragments and flagellins, an order is 
proposed for the position of'the fragments in the flagellin
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molecule of E. coli strains K12 and NCTC 9001>
K12
B C-terminal
Idîpala  rieth-tyr neth-^ly leu-leu-argCOpF
Traçrnent B A 0
mol" wt" 15 ,500 26,900 12,200 = 54,600
NCTC 9001
IT-terminal C-terninàl
ITÎIpala metl-ser meth-^l^ leu-leu-ar&CO^B
fragment B a g
mol, wt. 20 ,500 50,100 12,600 = 65,200
These orders are only tentatively sur^ested as IT- 
terminal amino acid determinations for the frn^ments by 
dansylation wore not very convincing. The order of the 
ChBr fh'arrients can be compared with those obtained for 
Salmonella adelaide (Parish and Ida, 1969):-
II-teTT inal G-terninal
ITIT^ ala met]', nieth meth len-].en-ary;GO<^F
f ra[n,ient B A B C
nol.wt. 12,000 10,000 4,500 5,500 = 40,000
for Proteus mirabilis (^dde and Glossman, 197?):-,
IT-terminal ' C-terminal
NEgala----- rneth-phe------ meth-val-------leu-arfyOOpIT
fragment P5 P4 P2
mol, wt. 12 ,500 25,500 5,000 = 56,500
and for Bacillus subtilis 168 (Pelante et aly, 1976):-
IT-terminal C-terminal
ITB^meth—  me'tl —  ineth—  nieth rneth.—  meth —  meth m eth 
Hummer 2? 25 9 115 94 4 16
of amino
leu-1 eu-argCO^H
^0
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The E. coli flagellins from K12 and NCTC 9001 show 
similarities to those of S. adelaide and P. mirabilis but 
not B. subtilis with respect to the number of methionines 
and hence CNBr fragments obtained.•Perhaps the E. coli C 
fragments are equivalent to a combination of the G and D 
fragments of S. adelaide ; the E. coli A and B fragments"^”' 
appear similar to the A. and B fragments of S. adelaide, and 
ETu:respectively^ of g. mirabilis.
On the basis of data from peptide maps, molecular 
weights, C and IT-terninal amino acids and amino acid 
compositions of flagellin fragments, it seems likely that 
the CNBr C fragment (as illustrated in K12) is common to 
most E. coli flagellins. The A fragments from ' K12 and 
NCTC 9001 appear to be dissimilar and are possibly 
involved in determining the antigenicity of the protein. 
Hence the conserved C fragment and the variable A fragment 
are likely to be located in the centre and on the outside, 
respectively , of the globular flagellin protein.
Attempts to investigate taxonomical relationships by 
copolymerisation of flagellins from different genera were 
unsuccessful. Reasons for this are unknown but perhaps 
more stringent precautions should have been taken to check 
the quality" and concentrations of seed and monomer solutions
Preliminary investigations using mixed monomer and 
seed from flàgellins of taxonomically unrelated organisms 
were made by Harden and Diobel (197?)• They found that 
flagellar material from many Salmonella species could be 
copolymerised but for some, only if the monomer or seed of 
a particular type were present and not vice versa. Barden 
and Diebel also sl:ov:ed that flagellin from a strain of 
E. coli could copolymerise with seed fragments from 
Salmonella derby but not with several other species of 
Salmonella. Nuroda (197?) found that monomer and seed of 
Salmonella and Proteus species could be copolymerised 
together, but monomer and seed of Salmonella and Proteus 
could not be pclymerised with those of a Bacillus species.
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